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CORRECTIONS AND EMENDATIONS 


Contributors to Volume 47 have been invited to send corrections and emenda- 
tions to be made in their paper, and the volume has been scanned with some care. 
Corrections and insertions are as follows: 


Page 7, insert numbers 1, 2, 3, and 4 respectively at top of dotted vertical lines 


in Figure A; numbers 1, 2, and 3 respectively at top of vertical lines 
in Figure B; and numbers 1 and 2 at top of vertical lines in Figure C. 

24, label units in Figure 2 A, B, C, D, and E respectively. 

45, Figure 4, line 2, last two words should read lower left. Figure 5 should 
read Figures 5-6. 

291, line 20, for The current classification, read a current classification. 


344, line 9 from bottom, formula should read S0=4/ a 


369, line 6, 2nd column of list, for Crinocardium read Criocardium. 
385, 2nd line, Ist column, for Parasmelia, mad Parasmilia. 

“ line 15 from bottom, “ x: 

386, center heading “4 

“ line 6 from bottom, 
390, line 12 from bottom, for opaque, read oblique. 

403, 2nd line, under Remarks, for deposit, read deposits. 
408, Figure 11, for Parasmelia, read Parasmilia. 

425, line 12 from bottom, for Anomalina carinata, read Anomalina coronata. 
432, last line, for Anomalina carinata, read Anomalina coronata. 

472, line 3 from top, for crystoid read cystoid. 
479, line 8 from bottom, for middle read Middle. 
481, 483, 484, for Rafistoma and Rafistomina, read Raphistoma and Raphis- 

tomina. 
487, line 17 from bottom, for Famenian, read Famennian. 
490, delete line 8 and substitute soni Edwards and Haime and Pachyphyllum 
Woodmani (White). 

504, line 7 from top, delete of origin. 
510, line 9 from bottom, for verneuiliana _ verneuiliana. 
523, line 2 from top, omit Squamularia perplera (McChesney). 
529, line 19 from top, for invesi, read ivesi. 
534, line 12 from bottom, for Brogniartites, read Brongniartites. 
545, line 10 from bottom, delete “Sundance Formation.” 
606, for Dker read Dkcr. 
685, Plate 1, last line of statement under legend at bottom of map, for 13, 
15, read 9, 11, 13-15. 
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INTRODUCTION 


The distribution, and occurrence, of sulphides and opaque oxides as 
normal accessory minerals or minor constituents in the common igneous 
rocks has received little detailed attention, although the subject has an 
important bearing on both petrogenesis and ore genesis. 

Variations in the species of sulphide and oxide minerals, in their con- 
tained metals, and in their different positions in the crystallization se- 
quence of the rock silicates are present and should have a significant 
bearing on the time and manner of possible metal departure from a mag- 
matic source. 

The correlation of these variations with different rock types and rock 
occurrence has given some interesting and unexpected results. 

Normal igneous rocks, with a considerable range in composition and 
texture and from many widely scattered localities, were studied in pol- 
ished sections, supplemented, in a few cases, by thin-section study. The 
study was intended to outline and generally survey the field rather than 
to make a detailed study of any single group of the igneous rocks. 

Thanks are due to A. F. Buddington, M. J. Buerger, Waldemar Lind- 
gren, and W. J. Mead for suggestions and criticism. 

The bulk of the material examined came from the petrographic col- 
lection of the Massachusetts Institute of Technology, but R. J. Colony, 
W. F. Foshag, J. L. Gillson, E. 8. Larsen, W. J. Miller, E. S. Moore, and 
Samuel Weidman kindly furnished additional specimens. The writer 
collected a number of the special suites. In all cases an attempt was 
made to obtain fresh specimens. Pegmatitic types and examples show- 
ing concentration of the sulphides and opaque oxides were avoided, as 
were also those showing any type of veins. 

Much previous microscopic work has been done on concentrations of 
sulphides in igneous rocks, usually where several per cent or more of 
sulphides are present. The literature is extensive." However, only 
casual mention is made in the literature of the sulphides widely dis- 
tributed in the ordinary igneous rocks. Their primary nature has been 
recognized by Rosenbusch, Harker, Iddings, Johannsen, Shand, Vogt, 


1 The following papers are typical: 
Ernest Howe: Sulphide-bearing rocks from Litchfield, Connecticut, Econ. Geol., vol, 10 (1915) p. 


330-347. 

T. S. Lovering: Magmatic chalcopyrite, Park County, Montana, Econ. Geol., vol. 19 (1924) p. 
636-640. 

G. M. Schwartz: A sulphide diabase from Cook County, Minnesota, Econ. Geol., vol. 20 (1925) p. 
261-265. 


O. H. Odman: Mineragraphic study on the opuque minerals in the lavas from Mt. Elgon, British 
East Africa, Geol. Foren. Stockholm Forhand. (1932) p. 285-304. 

E. 8. Bastin: A pyrrhotitic peridotite from Knox County, Maine, Jour. Geol., vol. 16 (1908) p. 
124-138, 
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Lindgren, and other petrographers, but the petrographic microscope does 
not permit study of them in any detail. 

More work has been done on the opaque oxides than on the sulphides, 
but only a few workers have examined them in sufficient detail to identify 
the minerals. Descriptions giving essential details are, so far as the 
writer is aware, confined to an individual rock type? or a single occur- 
rence. 


RELATIONS OF MINERALS AS DISPLAYED IN POLISHED SECTIONS 


Minerals were identified by their various physical features and etch 
reactions. In addition, numerous supplementary micro-chemical tests * 
were made, and several X-ray powder photographs were taken. 

Although sulphides commonly amount to a fraction of one per cent, 
they are not always apparent in thin sections of ordinary rocks, because 
of their small size and opaque character. On the other hand, polished 
sections show their occurrence, and, in addition, display the relations 
of the various iron oxides to the silicates more effectively than does the 
petrographic microscope with thin sections. Due to a connection between 
the thickness of a thin section and the grain size, and because of blurring 
of the slanting contacts, the relations are obscured in thin section. Also, 
in grinding a thin section, no attempt is made to produce more than a 
rough surface, with a resulting lack of sharp surface contacts. In these 
respects, polished sections are greatly superior to thin sections.’ For 
example, the approximately plane surface of a polished section of basalt 
shows the mineral relations in sharp detail, even where grain dimensions 
are less than .01 millimeter; a thin section, .03 millimeter thick, might 
contain at a given point three or more grains of this size, each to some 
extent obscuring the relations of the others. 

It was found that, with proper polishing, the ferromagnesian minerals, 
feldspars, quartz, and micropegmatite could be readily distinguished in 
polished section, particularly with the aid of polarized light. The micro- 
pegmatite is best observed by moving the microscope tube into and out 


2H. W. Lindley: Mikrographie der eisenerz-mineralien oberhessischer basalte, Neues Jahr., B. B., 
vol. 53 (1926) p. 323-359. 
Numerous petrographic descriptions make some reference to the iron and titanium oxides. 
J. P. Iddings: Rock minerals, their chemical and physical characters and their determination in thin 
sections (1906) 548 pages. 
A. Johannsen: A descriptive petrography of the igneous rocks; Vol. II, The quartz-bearing rocks 
(1932) 428 pages. Contains a good summary of the present knowledge on opaque oxides in granites. 
*C. M. Farnham: Determination of opaque minerals (1931) 263 pages. McGraw-Hill Book Company. 
M. N. Short: Microscopic determination of the ore minerals, U. 8. Geol. Surv., Bull. 825, Revision 
of Part 3, Determination Tables (1934). 
H. Schneiderhéhn and P. Ramdohr: Lehrbuch der erzmikroskopie, bd. 2 (1931). 
«E. M. Chamot and C. W. Mason: Handbook of chemical microscopy, vol. 2 (1931). 
5C. F. Tolman and A. F. Rogers: A study of the magmatic sulfid ores, Leland Stanford Junior Univ. 
Pub., Univ. Ser. (1916) p. 74-75. 
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of focus. As many of the specimens studied were standard rock types 
and came from localities which had been visited by different collectors, 
many duplicates or near duplicates collected from the same general lo- 
cality were available. These afforded welcome check sections, and many 
were made. Several sections made from the same hand specimen, the 
same outcrop, or the same rock mass, usualiy show variations in the 
sulphides and opaque oxides. These variations are slight, however, com- 
pared with the differences in the different rock types. Similar variations 
of the silicates within an igneous rock specimen or outcrop are well- 
known. 

The tables (Pl. 18) are intended to show the major and most of the 
minor opaque oxides and sulphides. Minor amounts of other mineral 
species may have been overlooked. Little attention was given to the 
minute plates or tabular masses of opaque oxides within ferromagnesian 
silicates and in feldspars. These are common, particularly in norite, 
gabbro, and anorthosite. 

Rutile is not an opaque mineral, although it has a fairly high reflec- 
tivity compared with most silicates. It, however, often forms inter- 
growths with the opaque oxides, and is mentioned in the descriptions of 
those minerals. In the list of rocks, no attempt was made to keep within 
a rock type as strictly defined, since variations to near related types were 
regarded as of much value. Thus, the list of granites contains some 
quartz monzonites. 

The position of the minerals in the sequence of crystallization was de- 
termined by the criteria elaborated by Rosenbusch,® Bowen,’ and Vogt.® 
Details of the use of these criteria will appear in the rock descriptions. 

The evidence that the sulphides in ordinary igneous rocks are primary, 
lies in the manner and variation of their occurrence. The size of sulphide 
grains in extrusives is much smaller than in intrusives of a similar compo- 
sition. The shape of the individual sulphide grains, and the position they 
occupy in the crystallization sequence of the rock, vary according to the 
rock type. The species of sulphide, and the proportion of each also, 
show marked variation according to rock type. These and other features 
described in later pages indicate that the sulphides described are as much 
a part of the igneous rocks as are the silicates and opaque oxides. 

Early in the study it was noticed that sulphide grains show a strong 
tendency to vary in size with variation in coarseness of texture of the 
rock. Accordingly, studies were made of basaltic or diabasic dikes that 


6H. Rosenbusch: Ueber das wesen der kornigen und porphyrischen structur bei massengesteinen, 
Neues Jahrb., vol. 2 (1882) p. 5-9. 

™N. Bowen: The order of crystallization in igneous rocks, Jour. Geol., vol. 20 (1912) p. 457-468. 

8 J. H. L. Vogt: The physical chemistry of the crystallization and magmatic differentiation of igneous 
rocks, Jour. Geol., vol. 29 (1921) p. 319-325. 
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have chilled margins. The results are given before the descriptions of rock 

types. 

RELATIONS OF SULPHIDE GRAIN SIZE AND HABIT IN DIABASE DIKES 
WITH CHILLED MARGINS 

The five dikes examined show similar variations in size of sulphide 
mass and in crystallographic habit of pyrite, with respect to distance from 
the dike margins. The dikes are briefly described in the order of decreas- 
ing grain size (Fig. 1). ’ 

Samples were taken from a large, inclined, diabase dike or sill, exposed 
in a road-cut, 7 miles northeast of Durham, North Carolina. At four feet 
from the contact the oxide masses have a common maximum diameter of 
0.05 millimeter, as compared with a common maximum of 0.4-0.5 milli- 
meter at a distance of 16 feet. The pyrrhotite masses increase in size over 
the same distance, from 0.01-0.02 millimeter to 0.06-0.1 millimeter. The 
chalcopyrite masses are smaller but show a parallel increase in size with 
distance. 

Specimens were collected at several points between the center and the 
margin of a large diabase dike near Holden, Massachusetts. It is 100 
feet, or more, thick, and Emerson considered it to be of Triassic age. The 
rock is distinctly coarser grained near the center than nearer the margin. 

In the specimens from near the center, the oxides show a common maxi- 
mum diameter of 0.5-0.8 millimeter, as compared with 0.3-0.5 millimeter 
in the material from nearer the border. The pyrite varies similarly, form- 
ing the common lacy network masses of about 0.5 millimeter diameter in 
the coarser rock, and much less abundant ones, about 0.3 millimeter in 
diameter, in the finer-grained rock. 

Chalcopyrite is present in both, with larger average mass size in the 
coarser rock. 

The dike in Middlesex Fells, north of Medford, Massachusetts, is 75 
feet, or more, thick. The silicates, oxides, and pyrite increase in size 
toward the center of the dike. At ten feet from the margin the oxides have 
a common maximum size of 0.6-0.8 millimeter; at 20 feet, 0.8-1.0 milli- 
meter; and at 40 feet, 1.0-1.2 millimeters. The pyrite at the same points 
measures 0.1-0.2 millimeter, 0.15-0.25 millimeter, and 0.20-0.30 milli- 
meter (Fig. 1, B). Chalcopyrite is present at all points but shows no 
observable change in size of mass. 

Specimens were collected at one foot, three feet, six feet, and twelve 
feet from the edge of a dike, 30 feet, or more, thick, exposed in a trolley cut 
north of Medford, Massachusetts. These show excellently the gradual 
change in form and size of pyrite with reference to the margin of the dike. 

The silicates, oxides, and pyrite increase in grain size toward the center. 
Oxide diameters measure as follows: at one foot, 0.2 millimeter; at three 
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Ficure 1—Variation in size and habit of pyrite masses in diabase dikes with chilled 
margins 
Each square incloses one area, or “‘mass,”’ of pyrite. 

(A) Large dike in trolley cut north of Medford, Massachusetts—(1) One foot from dike margin, 
(2) Three feet from dike margin, (3) Six feet from dike margin, (4) Twelve feet from dike 
margin. 

(B) Dike, 75 feet thick, or more, in Middlesex Fells, north of Medford, Massachusetts—(1) Ten feet 
from dike margin, (2) Twenty feet from dike margin, (3) Forty feet from dike margin. 

(C) Five foot dike at Clifton, Massachusetts—(1) Dike margin, (2) Dike center. 


. 
e 2 ‘ Sf: 
.e 
By 
| 
I 
al ¢ PY) 
mm. 25mm, 4 


8 Ww. H. NEWHOUSE—OPAQUE OXIDES AND SULPHIDES IN IGNEOUS ROCKS 


feet, 0.8-0.4 millimeter; at six feet, 0.4-0.6 millimeter; at twelve feet, 
0.4-0.6 millimeter. 

The pyrite forms masses up to 0.4 millimeter in diameter, one foot from 
the margin; up to 0.6 millimeter, at three feet; up to 1.0 millimeter at six 
feet, and 1.0-1.4 millimeters at 12 feet. A marked change in habit also 
takes place inward, the pyrite forming rounded masses near the margin 
and changing to lacy networks toward the center of the dike (Fig. 1, A). 

Chaleopyrite particles also increase in size from the border of the dike, 
inward. 

A dike, five feet thick, on the beach at Clifton, Massachusetts, contains 
oxides which include many tabular crystals of ilmenite not associated 
with the usual “titaniferous magnetite.” The oxides, exclusive of the 
tabular crystals, have a common maximum size of 0.3-0.4 millimeter in 
the chilled border and 0.4-0.6 millimeter in the center. The pyrite of 
the border shows a common maximum size of 0.05-0.08 millimeter and in 
the center, 0.08-0.1 millimeter. In this fine-grained rock the pyrite shows 
little tendency to form the lacy network type of mass seen in the coarser- 
grained rocks, but, instead, forms irregularly rounded solid masses (Fig. 
1, C). Chalcopyrite is present throughout, with larger masses in the 
center of the dike. 

It is apparent that in an individual dike of basaltic composition the 
grain size of the oxides and sulphides varies with that of the silicates. 
It is also certain that this rule by no means always holds for either oxides 
or sulphides when separate intrusions are compared. However, if a large 
number of coarse-grained rocks from different intrusions are compared 
with a large number of fine-grained ones, the rule is found to apply in the 
majority of cases. 

More interesting than the change in size of the pyrite is the change in 
habit from that of rounded masses near the dike borders to lace-like net- 
work masses in the coarser rock near the dike centers. The change in 
habit is as gradual from dike border to center as is the change in size; in 
fact, the two features are evidently in part dependent on each other. The 
lace-like networks, composed of threads, enmesh the fine grains of the 
groundmass or insinuate themselves along crystal boundaries, cleavage 
planes, or fractures, into one or more of the adjacent silicates. In the 
latter type the whole mass usually occupies only a small part of a silicate 
grain (most frequently a feldspar crystal), as do also the rounded pyrite 
masses in finer-grained rocks such as dike border.’ Thus, it is certain 
that the size of the sulphide mass is not limited by silicate grain size, as 
might be expected if the sulphide were introduced and replaced individual 
silicate crystals. These differences in pyrite habit may be due to the 
longer period of crystallization within a temperature interval in the coarser 
center rock than in the fine-grained border zone. Longer crystallization 
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in the center may result in the development of better structures in which 
the lace-like masses of pyrite could form. However, the pyrite habit 
strongly suggests that it crystallizes later in the coarser phases of the 
rock than it does in the finer, more quickly chilled portion. .In the fine- 
grained, quickly chilled rock crystallization takes place, in large part, at 
the close of rock consolidation, but before the rock has cooled sufficiently 
for differential contraction of the several silicates to provide minute 
openings for lace-like networks. A slight concentration of water in the 
coarser and more slowly crystallized rock may be responsible for the later 
crystallization of the pyrite. 


GRANITES AND ALLIED ROCKS 
OPAQUE OXIDES 


The opaque oxides found in granites include magnetite in all but one 
granite, magnetite with exsolution lamellae of ilmenite in two, magnetite 
with exsolution lamellae of rutile in three, ilmenite-hematite exsolution 
intergrowths in ten, rutile-hematite exsolution intergrowths in three, and 
ilmenite in at least seven and possibly in others (Pl. 11, Pl. 18, table 1). 
The magnetite crystals tend to display idiomorphic, or at least angu- 
lar, outlines against the ilmenite-hematite exsolution intergrowths, 
wherever they are in contact, and so the latter, according to this criterion, 
would be considered to have finished crystallizing later than the magnetite. 
It is possible, however, that some of this contiguous magnetite has been 
exsolved from the adjoining intergrowth, since analogous relations of 
these oxides in the anorthosites very strongly suggest such an origin. 
Orientation work, of the kind done by N. W. Buerger,® would be necessary 
to solve the problem. 

Spinel intergrowths with magnetite of the exsolution type were not 
observed in the granites. 

Emulsion-like aggregates of hematite and ilmenite, rutile or leucoxene, 
form areas in many of the intergrowths. Many petrographers refer to the 
presence of hematite in granites. Although apparently homogeneous 
hematite was occasionally seen, the bulk of it forms intergrowth, often 
very minute in scale, with one or more of the titanium minerals. 

Magnetite that shows anisotropism in oriented patches so common in 
the diabases was observed in only one granite, that from Knob Lick, Mis- 
souri (Pl. 1, fig. 3). The oxide crystals sometimes show forms very sug- 
gestive of resorption. In the main, the position of the oxides in the 
crystallization sequence is clearly early. In some granites, however, a 
minor quantity of the oxides shows small tongues projecting between 


®°N. W. Buerger and M. J. Buerger: Crystallographic relations between cubanite segregation plates, 
chalcopyrite matriz, and secondary chalcopyrite twins, Am. Mineral., vol. 19, no. 7 (1984) p. 289-303. 
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silicate crystals, which may be either ferromagnesian or feldspar, or both. 
Petrographers since the time of Rosenbusch have considered the opaque 
oxides of the granites as having crystallized early. 


SULPHIDES 


Sulphides are much less abundant in granites than in diorites and 
gabbros. 

Pyrite and chalcopyrite are the common sulphides. Pyrrhotite is 
found only in very minute amount within magnetite in one special in- 
stance. It would comprise a very small fraction of one per cent of the 
total sulphides. 

Pyrite was present in about two-thirds of the granite sections examined 
and it comprises a small fraction of one per cent of the total rock. Pyrite 
occurs chiefly as subhedral to euhedral crystals (Pl. 1) usually lying 
within, or near, the borders of feldspars or between feldspar and quartz. 
In coarse-grained granites the pyrite crystals are generally larger than 
those in the fine-grained granites. Pyrite is at times bordered, or en- 
closed, by magnetite (Pl. 8, fig. 1), and small angular to rounded masses 
are sometimes enclosed in magnetite or ilmenite intergrowths (Pl. 1). 
The magnetite surrounding, or partly surrounding, pyrite crystals in gran- 
ites (from Fitzwilliam and Milford, New Hampshire; Picton Island, 
Thousand Islands, New York; and Westerly, Rhode Island) contains very 
minute, and at times numerous, masses of pyrite, chalcopyrite and pyrrho- 
tite. The magnetite is certainly later than the pyrite, in some, and prob- 
ably all, of these examples. It probably replaced the pyrite during the 
magmatic period. 

The features described and a comparison with the manner of occurrence 
and habit of the pyrite in diorites and gabbros, lead to the conclusion 
that in granites the pyrite crystallized mainly during feldspar crystalli- 
zation and not at, or after, the close of silicate and quartz crystallization. 

Chalcopyrite is present in less than half the granites examined and does 
not exceed several hundredths of one per cent. It is usually in, or near, 
the borders of feldspars, less often within and on the borders of ferro- 
magnesian silicates, and forms angular masses conforming to crystal direc- 
tions of the silicate (Pl. 8). In granites the chalcopyrite appears to be 
among the late minerals but is not typically with the latest fine-grained 
silicates as it is in the rocks that are rich in ferromagnesian silicates. 


SYENITES AND ALLIED ROCKS 


OPAQUE OXIDES 


The opaque oxides are variable in quantity, some of the syenitic rocks 
examined containing little or none (PI. 18, table 2). 
Magnetite, the most abundant opaque oxide, is the chief one in nine of 
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the rocks. Magnetite with lamellae of ilmenite is the next most abundant 
type, being found in five. Exsolution spinel is also present in No. 12. 
Ilmenite-hematite exsolution intergrowths were present in two, and ilme- 
nite crystals were found in three. Some replacement of magnetite by 
hematite is present in Nos. 7, 8, and 10. 

The oxides have, as a rule, crystallized early, as is shown by the very 
frequent inclusion of idiomorphic or hypidiomorphic crystals in the ferro- 
magnesian silicates. Occasional oxide masses in some of the rocks show 
projecting tongues that curve around a ferromagnesian silicate crystal, 
indicating that a small part finished crystallizing later than the ferro- 
magnesian silicates. 

SULPHIDES 

The sulphides are pyrite, pyrrhotite, chalcopyrite, and, rarely, bornite. 
The syenitic rocks differ from the granites in that they frequently ccntain 
pyrrhotite. No sulphides were found in six of the rocks. Pyrite 1s the 
chief sulphide in Nos. 2 and 6, and is present in smaller ratio with other 
sulphides in Nos. 11 and 13. Pyrrhotite is the most abundant sulphide in 
Nos. 3, 11, 12, 14, and 15, and is also found in lesser proportion in three 
others. Chalcopyrite was present in six of the rocks examined. Bornite 
was present in No. 9. 

Some of the sulphides evidently separated early in rock crystallization, 
and some later. The relative abundance of early sulphides is greater in 
Nos. 1 to 11 than in Nos. 12 to 15, as judged by their inclusion in idio- 
morphic silicate crystals, relations to silicate crystal boundaries, and the 
forms of the sulphides. Globular, and also irregularly shaped, masses of 
pyrrhotite are common in magnetite, in ferromagnesian crystals, and 
within feldspars. As in the granites, pyrite shows a strong tendency to 
form idiomorphic crystals. 


TRACHYTES AND ALLIED ROCKS 
OPAQUE OXIDES 


The original opaque oxides were magnetite, magnetite with exsolution 
lamellae of ilmenite, and ilmenite (Pl. 18, table 3). Magnetite was the 
principal oxide originally in five of the trachytes, and magnetite with 
exsolution lamellae of ilmenite was the principal form in four. All the 
specimens except No. 5 show strong alteration of the oxides. 

Several forms of alteration products are present. A minor amount of 
hematite replaces magnetite around the borders of the crystals and along 
crystal directions, apparently octahedral, and along fractures. However, 
much of the magnetite has been altered to a mineral which, in reflected 
light, is about the color of hematite, has a polish hardness very near to 
that of magnetite, gives a brownish powder, and sometimes is slightly 
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anisotropic. The replacement or alteration of the magnetite by this 
mineral shows little relation to crystal directions, and is, thus, quite dif- 
ferent from the usual replacement of magnetite by hematite. This mineral 
is probably maghemite. 

A third type of alteration product is “leucoxene,” which has very largely 
replaced the ilmenite lamellae of the magnetite. The prevalence of altera- 
tion products suggests an oxidation process peculiar to trachytes, that 
probably took place during the cooling of the solidified or partly solidified 
rock. The oxides are commonly present in two generations, the larger 
crystals usually showing a strong tendency toward idiomorphic forms, as 
do the smaller ones, also, although to a lesser degree. 


SULPHIDES 


Pyrrhotite is practically the only sulphide found in the trachytes, 
although a minor amount of chalcopyrite occurs in one. Pyrrhotite was 
found in half of the specimens. The size of the sulphide mass is very 
much less, in general, than it is in the syenites. 

The pyrrhotite formed early in rock crystallization, being found as 
globular and irregularly shaped masses in the larger oxide, or silicate 
crystals. Only a very small proportion of the pyrrhotite is present in the 
finer-grained silicates. It is clear that a higher proportion of the sulphide 
is formed earlier in rock crystallization than in the syenitic rocks. This 
is probably due to loss of water and other volatiles by the flow rocks which 
would, very likely, decrease sulphide solubility. 


NEPHELINE SYENITES AND ALLIED ROCKS 
OPAQUE OXIDES 


The opaque oxides are quite variable in amount and commonly form 
only a very small percentage of the rock. None was found in seven of the 
specimens examined (PI. 18, table 4). Magnetite was found in Nos. 1, 8, 
10, and 19 as the principal or sole oxide. With exsolution laminae of 
ilmenite, it is common also. Rutile, in the form of long prismatic crystals, 
partly replaces the ilmenite lamellae in No. 2; rutile having one uniform 
orientation in all laminae forms a similar intergrowth with magnetite in 
No. 18. These are possibly to be regarded as variants of “leucoxene,” 
although they are quite different from the fine-grained type found replac- 
ing ilmenite in many rocks. Some alteration or replacement of magnetite 
by hematite was observed in No. 2. Ilmenite crystals as separate masses 
are found in four examples. Hematite-rutile exsolution intergrowths are 
present in only two of the twenty-one rocks examined. 

The position of the oxides in the sequence of crystallization was not 
determined. 


4 
‘ 
a 
4 


NEPHELINE SYENITES AND ALLIED ROCKS 13 


SULPHIDES 


Pyrite, pyrrhotite, and rare chalcopyrite are the sulphides in the 
nepheline syenites. No sulphide was found in four of the twenty-one 
examples. Pyrite was found to be the principal sulphide in eight, and 
pyrrhotite in six. Chalcopyrite was found in only small amount in three 
rocks. 

Of particular interest is the very common occurrence of the pyrrhotite 
as globular masses in the ferromagnesian silicates, in idiomorphic crystals 
of titanite, and, less often, in magnetite or the intergrowths of magnetite 
and ilmenite formed by exsolution. Only occasional masses are found in 
the feldspars and other light-colored silicates. 

Crystals of pyrrhotite are present in Nos. 4,12, and 19. These are in 
late, fine-grained, light-colored silicates in No. 4, in idiomorphic titanite 
in No. 19, and in titanite, magnetite, and ferromagnesian silicate crystals 
in No. 12. 

In contrast to the earlier pyrrhotite, the pyrite occurs chiefiy as small 
numerous idiomorphic crystals in the late, fine-grained, light-colored 
silicates or, at times, as larger, idiomorphic crystals in feldspar. 


PHONOLITES AND ALLIED ROCKS 
OPAQUE OXIDES 
The amount of opaque oxides is variable but is usually small (Pl. 18, 
table 5). Magnetite is most important. A white mineral, probably 
maghemite, forms intergrowths of the exsolution type with rutile in No. 3. 
No. 4 contains a small amount of hematite. 
The opaque oxides usually show idiomorphic outlines, excepting in Nos. 
land 8. Several show two generations of magnetite. 


SULPHIDES 


The amount of sulphide in the phonolites is usually very small as com- 
pared with that of the rocks to be described later. The sulphide grain 
size is usually minute, ranging around several thousandths of a millimeter 
in diameter, in this respect contrasting markedly with the nepheline 
syenites. Due to the very small size of the sulphide masses, positive 
identification could not be made in all cases. Both pyrite and pyrrhotite 
are present but pyrite is dominant. 

The sulphides formed fairly late in the crystallization of the rocks, since 
they do not commonly occur as inclusions in the early formed silicate or 
magnetite crystals. Pyrite very frequently displays idiomorphic outlines, 
suggesting that it was not the latest mineral to form. 
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DIORITES AND ALLIED ROCKS 
OPAQUE OXIDES 


The opaque oxides are present in variable amounts in all except one of 
the dioritic rocks (Pl. 18, table 6). They are magnetite, magnetite with 
exsolution lamellae of ilmenite, and ilmenite. Magnetite is the most 
abundant or sole oxide in Nos. 1, 3, 11, and 13, while i!menite is the most 
important one in Nos. 2, 4, 7, 8,9, 10, 15, and 16. Magnetite with exsolu- 
tion lamellae of ilmenite is the most abundant form in Nos. 5, 6, and 12, 
and is present in smaller proportion in several others. 

Skeletal crystals of ilmenite are common, and evidently formed fairly 
early. The magnetite and magnetite with exsolution lamellae of ilmenite 
very frequently form idiomorphic or partly idiomorphic crystals, which 
are, likewise, early. These are, also, at times almost wholly confined 
within idiomorphic ferromagnesian silicate crystals. In a number of the 
rocks there are, in addition, some masses from which project small, usually 
short, tongues that curve around between silicate crystals. These tongues 
are regarded as having finished crystallizing after the silicates with which 
they are in contact. 

SULPHIDES 

Sulphides were found in all except two diorites examined and include 
pyrite, pyrrhotite, chalcopyrite, and, in two examples, a very small amount 
of pentlandite. Pyrrhotite is most common; pyrite is present in five, and 
chalcopyrite in six of the sixteen rocks examined. 

Pyrite typically forms aggregates of hypidiomorphic crystals, as shown 
in Plate 2, of which figures 2, 3, and 5 show hypidiomorphic outlines at 
higher magnification. The pyrite masses show a fairly marked preference 
for borders of silicate crystals. Parts of the pyrite mass curve around 
silicate crystals and send off projections between them, and, at times, into 
silicate. These projections are much thicker, relative to their length, than 
are those common to gabbros. Silicates enclosed in the pyrite are com- 
mon. The diameter of the pyrite masses, on the whole, lies between that 
of the granites and that of the gabbros (Pls. 1, 2,3). Single idiomorphic 
or, more commonly, hypidiomorphic crystals are sometimes present, but, 
in the main, the habit differs considerably from that of the granites. In 
many ways it is transitional between the granites and the gabbros. The 
age of the pyrite with respect to the silicates is considered later, on the 
whole, in diorites than in granites. 

Pyrrhotite is frequently present as globular masses in early magnetite, 
magnetite-ilmenite exsolution intergrowths, ilmenite, and ferromagnesian 
silicate crystals (P1.5). The proportion of this early pyrrhotite is greater 
than in the gabbros. Early pyrrhotite-chalcopyrite globules are lacking 
in the diorites, although present in andesites. Later pyrrhotite is com- 
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monly present in the diorites. It is found on silicate crystal borders, and 
shows conformity to silicate crystallographic directions. The bulk of the 
chalcopyrite is definitely later than pyrrhotite, since it is commonly found 
in areas showing several small angular masses, located in fine-grained, 
light-colored silicates, interstitial to the larger silicate crystals. 

Pentlandite was found in Nos. 7 and 8, being more abundant in No. 8. 
It occurs as exsolution lamellae in, and usually near, the border of the 
pyrrhotite grains. It forms only a fraction of one per cent of the pyrrho- 
tite, and is present in lower ratio than in the gabbros, and, of course, also, 
in the norites. 

ANDESITES AND ALLIED ROCKS 
OPAQUE OXIDES 


Opaque oxides are present in all the andesites examined (PI. 18, table 7). 
Magnetite is most abundant and forms a much higher percentage of the 
total opaque oxides than it does in the diorites. This suggests that insuffi- 
cient time usually elapsed during cooling of the andesites for exsolution 
products to form. Magnetite-ilmenite exsolution intergrowths are present 
in five of the fourteen andesites examined, and ilmenite in two. 

Partial alteration of the magnetite to hematite or maghemite, in a man- 
ner similar to the alteration of magnetite in trachytes, was found in Nos. 
3, 5, 7, 10, and 11. Most of the specimens show two generations of the 
opaque oxides. The first generation consists usually of large idiomorphic 
crystals of magnetite or of magnetite with exsolution lamellae of ilmenite. 
These are often in contact with, or adjacent to, the silicate phenocrysts. 
The second generation consists of small, usually idiomorphic or hypidio- 
morphic crystals, scattered through the groundmass. 


SULPHIDES 


Sulphides were found in all the andesites examined and in greater quan- 
tity than in the trachytes. Pyrrhotite, pyrite, chalcopyrite, an undeter- 
mined sulphide, and very minor bornite were present. Globular masses of 
pyrrhotite and of pyrrhotite-chalcopyrite are common in the large first 
generation of magnetite or magnetite-ilmenite crystals, and in the ferro- 
magnesian silicate phenocrysts. Only very rarely are they found in the 
feldspar phenocrysts. Numbers 3, 4, 6, 7, 10, 11, 12, and 14 contain these 
early globular masses, the average size of which is much less in the 
andesites than in the diorites, as may be seen from the magnifications 
employed in Plates 4 and 5. Pyrrhotite crystals were found in the mag- 
netite of No. 7. 

Chaleopyrite as angular masses conforming to the silicates is common 
in the groundmass, with, occasionally, some pyrrhotite as well. Chal- 
copyrite with this habit of occurrence was found in Nos. 1, 2, 4, 5, 8, 9, 10, 
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12, and 13. The groundmass of No. 14 contains pyrrhotite-chalcopyrite 
and an associated undetermined mineral, which may be cubanite. Each 
mass of these sulphides is surrounded by a rim of magnetite (Pl. 4). Five 
of the fourteen rocks examined show minor pyrite, which usually forms 
hypidiomorphic crystals in the groundmass. Very minor bornite was 
found associated with chalcopyrite in one specimen. 


GABBROS AND ALLIED ROCKS 
OPAQUE OXIDES 


The opaque oxides vary in amount, from none up to 5 or 10 per cent, 
and more (PI. 18, table 8). 

Ilmenite dominates the opaque oxides in all the rocks examined except 
the gabbro from Cape Neddick, Maine, and No. 20, in which magnetite- 
ilmenite exsolution intergrowths are dominant. Magnetite, usually with 
exsolution lamellae of ilmenite, is present in over half of the specimens 
examined. 

Numerous small exsolution masses of spinel in magnetite-ilmenite inter- 
growths are present in about one-fourth of the specimens. It shows similar 
relations to those present in “titanferous magnetite” ore bodies. 

The opaque oxides show considerable variation in the sequence of 
crystallization. 

The ilmenite very commonly forms skeletal crystals, often elongated, 
which can best be described as showing strong idiomorphic tendencies. 
They evidently finished crystallizing before either the feldspars or the 
ferromagnesian minerals. However, in some rocks, such as Nos. 13 and 
15, the hypidiomorphic ilmenite clearly curves around the early feldspar 
laths, and in No. 12 it finished crystallizing later than both the feldspars 
and the ferromagnesian minerals. Thus, it is concluded that ilmenite 
usually finished crystallizing early, or fairly early, but in some rocks, in 
part later than the silicates. 

The magnetite-ilmenite intergrowths show relations differing from those 
of ilmenite, in that a large proportion is moulded around silicate crystals, 
with tongues often extended between two silicate crystals. It is concluded 
that a considerable proportion of the magnetite-ilmenite intergrowths 
crystallized fairly late in rock crystallization in some gabbros (Pl. 15). 
The position of magnetite in some of the basalts, as shown by a quite dif- 
ferent type of textural evidence, is much the same. 


SULPHIDES 


Sulphides are present in all the gabbros examined, and, in general, are 
more abundant than in the other rocks that have been described. Those 
determined include pyrite, pyrrhotite, chalcopyrite, minor pentlandite, and 
rare bornite. 
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Pyrite is present in eighteen of the twenty-nine rocks examined. It 
forms a few idiomorphic crystals, more numerous hypidiomorphic crystals 
with projecting tongues, and abundant masses of lace-like networks. 
These all tend to be located on the borders of silicate crystals, with the 
pyrite usually lying within, or largely within, the feldspar. The lace-like 
network masses, in particular, almost always border and project into 
feldspar crystals, with control of the network pattern by feldspar crystallo- 
graphic directions (Pl. 3). Pyrite-silicate globular masses are present 
in magnetite-ilmenite intergrowths and in feldspar crystals of the Cape 
Neddick, Maine, gabbro (PI. 6). 

The different types of pyrite generally vary in size with coarseness of 
rock grain. 

The writer regards the pyrite as having begun to crystallize before com- 
pletion of silicate crystallization, and as having ended after the silicate 
crystallization. 

Pyrrhotite is present in twenty-one of the twenty-nine rocks examined. 
Globular masses of pyrrhotite and, less frequently, of pyrrhotite-chal- 
copyrite are present in the ferromagnesian silicate crystals, in ilmenite, 
and in magnetite-iimenite intergrowths (P].6). They are only occasion- 
ally present in feldspar crystals, the usual habit of the pyrrhotite in this 
association being angular masses, which are also common in the ferro- 
magnesian silicates. More of the pyrrhotite is found on, or very close to, 
borders of silicate crystals than in the diorites. Clearly, a larger propor- 
tion than in the diorite has formed during the later part of rock crystalliza- 
tion (Pl. 9). Pyrrhotite crystals are present in feldspar of Nos. 6, 8, 9, 
and 17. These usually show some partial resorption, similar to that shown 
by the pyrrhotite crystals in some of the leucite basalts (P1.7). Pyrrhotite 
globules also have been partially “resorped” or replaced in some of the 
gabbros. This must have happened mainly after rock consolidation, a 
process difficult to conceive. The evidence for this is as follows: Globular 
masses of pyrrhotite with unmixed small lamellae of pentlandite are pres- 
ent, with other masses of pyrrhotite of irregular shape lying within similar- 
sized circular ghost outlines in the silicate, the pyrrhotite mass only partly 
filling the circle, but pentlandite blades extending the whole diameter of 
the circle. Partial “resorption” or replacement of the pyrrhotite, but not 
the exsolved pentlandite, has, thus, left a relict structure of much interest. 

Chaleopyrite is present in all the gabbros. A large part is definitely 
the latest sulphide to form from the residual magma, being found in the 
fine-grained silicates and along the margins of silicate crystals, as numer- 
ous small angular masses. Most of these fine-grained areas do not contain 
pyrrhotite, although minor chalcopyrite is frequently with pyrrhotite in 
the earlier globular and the later angular masses. Globular chalcopyrite 
alone in either silicates or opaque oxides is very rare. 
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Pentlandite, as small exsolution lamellae in pyrrhotite, is present in 
about one-third of the rocks examined. Where present, the proportion 
of pentlandite to pyrrhotite is smaller in the gabbros than in the norites. 

Bornite was present with chalcopyrite in two of the gabbros. 


DIABASES AND ALLIED ROCKS 
OPAQUE OXIDES 

The diabases include five collections made from dikes with chilled 
margins (Pl. 18, table 9). An interesting observation is that the grain 
size of micropegmatite, in general, varies with that of the rock. Some 
exceptions to this rule were observed. | 

The opaque oxides are magnetite, magnetite with exsolution lamellae 
of ilmenite, and ilmenite. 

The most abundant is the magnetite-ilmenite exsolution intergrowth, 
comprising the only form or the chief form in twenty-three of the thirty-six 
rocks examined. Magnetite is the most abundant oxide in five, and 
ilmenite in four (Nos. 4, 8, 9, and 10) ; minor ilmenite is present in ten, and 
magnetite-ilmenite exsolution intergrowth and ilmenite are present in 
about equal amounts in Nos. 5, 6, 24, and 25. 

The magnetite in the exsolution intergrowths very commonly shows an 
oriented patchwork structure in polarized light (Pl. 12, fig. 4). It also 
very commonly shows alteration along small fractures to a darker and 
lower reflecting substance, possibly to be classed with “leucoxene.” 

Most of the specimens have an ophitic texture, and the oxide curves 
around the ends of the plagioclase laths. Sometimes the feldspar increases 
in width on the lath projection outside the oxide mass, suggesting that the 
end of the plagioclase crystal was enclosed by the oxide before the close 
of plagioclase crystal growth (Pl. 16, fig.3). However, many oxide masses 
curve around the plagioclase laths and send off tongues between them and 
the adjoining ferromagnesian silicate crystals, indicating that these oxide 
masses finished crystallizing after the adjoining silicates. 


SULPHIDES 

Sulphides were found in all the diabases. They include pyrrhotite, 
pyrite, chalcopyrite, minor pentlandite, bornite, and an undetermined 
sulphide. Pyrrhotite is less abundant than in the gabbros, although it was 
found in about half of the diabases. It occurs in some diabases as globular 
masses in the ferromagnesian silicates, but only rarely if the rock is 
ophitic. Also, occasional globular masses of pyrrhotite are found in the 
opaque oxides, but, most abundantly, this forms angular masses in the 
light-colored silicates, outside the large plagioclase laths. It is regarded 
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as having formed, in the main, fairly late during rock crystallization, but 
not at its close. Pyrrhotite crystals are present in the feldspar of Nos. 
5, 6, and 23. 

Pyrite is present, also, in half of the diabases. It varies in habit with 
the coarseness of rock texture. In the fine-grained diabases it typically 
forms subhedral or irregularly rounded masses, often with short, relatively 
thick projections. With increase in coarseness of rock texture, the pyrite 
changes, in part, to lace-like masses, lying in the groundmass, the whole 
aggregate having a larger diameter than the subhedral forms in the fine- 
grained diabases. 

A further variation in very coarse-grained diabase or gabbro is a net- 
work of veinlets of pyrite, on the borders of, and projecting along, crystal- 
lographic directions into a feldspar crystal. Probably, these are progres- 
sively later forms of pyrite, the last forming after rock crystallization. 

Chalcopyrite is found in all except six of the diabases. It is, in large 
part, one of the last minerals to form, being found as angular masses, usu- 
ally in groups in the fine-grained interstitial silicates and micropegmatite. 

Pentlandite, as small exsolved blades in pyrrhotite, was seen in four of 
the specimens examined. Some bornite is present with the chalcopyrite 
in one specimen, and an undetermined mineral, probably a sulphide, is 
present with pyrrhotite in No. 23. 


BASALTS AND ALLIED ROCKS 
OPAQUE OXIDES 


Magnetite is the most common opaque oxide, and is almost the only one 
present in ten of the samples. Magnetite with exsolution lamellae of 
ilmenite is present in four, ilmenite as elongated crystals in two, and 
magnetite with exsolved hematite and spinel in one (PI. 18, table 10). 

The position of the oxides in the crystallization sequence of the basalts 
varies. Two generations are present in some. 

Of particular interest is the considerable amount of late magnetite, as 
shown by rocks with quite different textural arrangement of the several 
silicates (Pl. 14). Numbers 6, 7, and 9 contain all the opaque oxides in the 
interstitial groundmass. Dendritic crystals are present, which, under high 
magnification, very frequently appear to be attached to the large silicate 
crystals adjoining the interstitial material. These are regarded as having 
finished crystallization before the interstitial silicates solidified. In addi- 
tion, Nos. 7 and 9, and possibly also No. 6, contain very fine magnetite 
“dust” scattered through the interstitial material (Pl. 14, fig. 4). 

Similar dendritic crystals and other very fine-grained magnetite units 
are present in the interstitial groundmass in No. 14, although an earlier 
generation of ilmenite crystals is also present. 
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A still smaller proportion ef the total opaque oxides present in Nos. 5, 
15, and 16 crystallized as very fine “dust” in the final interstitial residue. 

Number 12 is an interesting example of the magnetite forming almost 
exclusively in the last stage of the rock crystallization (PI. 14, fig. 1). 


SULPHIDES 


Sulphides were present in all except four of the basalts and consist of 
chalcopyrite, pyrrhotite, pyrite, and bornite. 

Chalcopyrite is the most abundant sulphide, where found, and is also 
the most widely distributed. It is almost invariably late, being found in 
the interstitial groundmass or between silicate crystals (Pl. 7, figs. 5, 6, 
7, 8). It is only occasionally found in minor amounts as small angular 
masses lying within large silicate crystals. In No. 1, a quartz basalt, the 
chalcopyrite is found entirely as small globular masses within idiomorphic 
ferromagnesian silicate crystals. Pyrrhotite was present in five of the 
basalts. It usually forms only a small proportion of the sulphides. In 
Nos. 2 and 4 it was present as globules in the larger masses of opaque 
oxides, but in the others it was in the last-formed, fine-grained silicates. 
Pyrite is present as small lacy masses in the light-colored silicates of two 
of the basalts examined. Bornite is present with chalcopyrite in two. 


NEPHELINE BASALTS 
OPAQUE OXIDES 

Magnetite, and magnetite with small exsolution laminae of ilmenite are 
about equally well represented in the nepheline basalts, the first being 
found in five and the second in four of those studied (Pl. 18, table 11). 

These minerals form idiomorphic crystals and irregular masses, almost 
entirely located in the light-colored silicates that lie between the abundant 
small idiomorphic ferromagnesian crystals. They are mainly later than 
the ferromagnesian silicates. 

SULPHIDES 

Sulphides are only scantily present in the nepheline basalts; they were 
found in only five of the nine studied. They usually form minute masses, 
sometimes globular, sparingly dispersed with the opaque oxides through 
the light-colored silicates. Pyrrhotite forms the bulk of the masses large 
enough for identification, but some chalcopyrite is present. Pyrite was 
also present in the light-colored silicates ot one specimen. 


LEUCITE BASALTS 
OPAQUE OXIDES 


Magnetite is the only original opaque oxide found in the leucite basalts 
(Pl. 18, table 12). Some replacement of magnetite by hematite was seen 
in Nos. 4 and 6. 
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The magnetite is sometimes present in two generations, but the bulk of 
it is always as very small idiomorphic or hypidiomorphic crystals in the 
light-colored silicates of the groundmass. 


SULPHIDES 


No sulphide was found in three of the leucite basalts. The other five 
contain pyrrhotite in masses averaging several times the size of those in 
the nepheline basalts. 

The occurrence of the pyrrhotite varies considerably. In two leucite 
basalts (Nos. 1 and 3) containing much blue mineral which probably 
belongs to the sodalite group, pyrrhotite is abundant as globular masses 
and crystals in large early magnetite euhedrons, and in the larger ferro- 
magnesian crystals, as well asin the groundmass. The crystals of pyrrho- 
tite usually show more or less resorption (Pl. 7). In addition, abundant 
small crystals of pyrrhotite are present in some of the bluish crystals (PI. 
7, fig. 3). In Nos. 5, 7, and 8, the pyrrhotite is present only in the light- 
colored silicates of the groundmass. 


NORITES AND ALLIED ROCKS 
OPAQUE OXIDES 


The amount of opaque oxide in the norites varies greatly, from zero (of 
specimens) up to five or ten per cent (Pl. 18, table 13). Ilmenite-hematite 
intergrowth is the most common oxide, being found in ten of the norites. 
Ilmenite is the most common in six, and magnetite-ilmenite intergrowths 
in seven. The common occurrence of ilmenite-hematite exsolution inter- 
growths distinguishes this group from the gabbros. Exsolved spinel is 
present in six of the magnetite-ilmenite intergrowths. 

Opaque oxides that finished crystallizing later than the earlier silicates 
are common. They are frequently found curving around the adjoining 
ferromagnesian silicates, and sending off tongue-like projections between 
adjoining ferromagnesian silicates and feldspars (PI. 16, figs. 1, 2). 


SULPHIDES 


Sulphides were found in all except two rocks of this group, and consist 
of pyrite, pyrrhotite, pentlandite, and chalcopyrite. 

Pyrite was present in fourteen of the rocks, the habits being quantita- 
tively different from those in the gabbros and diabases. Much less of the 
pyrite here occurs as the late lacy network, and much more as hypidio- 
morphic crystals or rounded masses, usually found on the border of, or 
between, large silicate crystals. The pyrite in gabbros apparently formed 
over a greater interval during rock crystallization, since it was sometimes 
found included in the opaque oxides; in the noritic rocks, practically none 
is included. 
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Pyrrhotite is widely distributed in this group of rocks. It is very rarely 
found as globular masses, in either silicates or opaque oxides. Its typical 
occurrence is as angular masses, obviously conforming to silicate crystal 
directions, lying on the borders of the silicate crystals and also within fine- 
grained silicate aggregates (P1.10). It is regarded as, in large part, among 
the last minerals to form. Pentlandite, in the form of exsolved blades in 
pyrrhotite, is present in twelve of the noritic rocks, in greater proportion 
to the pyrrhotite than it is in the gabbros. Chalcopyrite is present in 
fifteen of the rocks, and, in general, it seems to be less abundant than in 
the gabbros. 

ANORTHOSITES AND ALLIED ROCKS 


OPAQUE OXIDES 


Only a small percentage of opaque oxide was present in the anorthosites 
studied (Pl. 18, table 14). None was found in four. Ilmenite is the most 
abundant in nine, ilmenite-hematite exsolution intergrowths in four, rutile- 
hematite exsolution intergrowths in three, and magnetite-ilmenite-spinel 
exsolution intergrowths in two. Alteration of the opaque oxides, particu- 
larly of ilmenite, is common, with the production of hematite and an 
unidentified non-metallic substance (PI. 12, fig. 3). 

The opaque oxides are usually closely associated with ferromagnesian 
silicates, if any are present. The bulk of them appear to have formed 
after the main part of feldspar crystallization, since they very commonly 
are in the fine-grained silicates around, and between, the large feldspar 


crystals. 
SULPHIDES 


The sulphides are present in smaller amount than in most of the groups 
of intrusive rocks. No sulphide was found in half the anorthosites exam- 
ined. Pyrite was present in seven of the twenty-two, as small hypidio- 
morphic crystals or as small rounded masses. Pyrrhotite was found in 
seven and chalcopyrite in five. The sulphides are found with fine-grained 
silicates between large feldspar crystals and in small elongated form or 
vein-like areas of fine-grained silicates. They are regarded as among the 
last constituents to form. 


DISCUSSION 
OPAQUE OXIDES 


The variation in composition of the opaque oxides in different rock 
groups is of interest in several fields of geology. 

The general restriction of ilmenite-hematite, and rutile-hematite inter- 
growths with a higher oxygen ratio than magnetite-ilmenite, to granite, 
norite, and anorthosite suggests a higher oxygen content in the magma 
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from which they formed than is usual at the same temperatures in other 
crystallizing rock groups. Opaque oxide masses in anorthosite, norite, 
and gabbro in practically all samples studied are rich in titanium. This 
is readily demonstrated by the minerals present. The titanium content of 
some of the homogeneous magnetite in granites is low, but, judging by 
chemical tests made on magnetic concentrates, it is probably entirely 
lacking in few. 

Differences in the physical properties, such as color, reflectivity, 
and magnetism of ilmenite, suggest that this mineral varies much in 
composition. 

Intergrowths of magnetite-ilmenite formed by exsolution are of larger 
scale in gabbros than in finer-grained diabase and basalt. This is, 
undoubtedly, due, in part, to a longer cooling period for the gabbros, but, 
partly, it may be related to differences in titanium content of the original 
solid solution, a smaller amount apparently being present in the finer- 
grained rocks. 

It was noticed that ilmenite as separate crystals is present in a larger 
proportion of gabbros than of diabases, and is present in more diabases 
than in basalts. Intergrowths of magnetite and ilmenite apparently form 
a larger percentage of the opaque oxides in diabase than in either gabbro 
or basalt. These features suggest that titanium commonly enters the 
opaque oxides of the coarser-grained rocks more abundantly than in those 
of the fine-grained ones. Chilled margins and centers of the diabase 
dikes apparently do not show similar variations. Evidently grain size 
of rock is only one factor in determining oxide composition. 

The relations of many large scale intergrowths of magnetite and ilmen- 
ite in coarse diabase and gabbro suggest that they were formed by exsolu- 
tion (Fig. 2). These take the form of lamellae of ilmenite, obviously 
arranged along crystal directions within the magnetite; also, there are 
frequently large bordering masses and rims of ilmenite which show what 
are apparently definite crystallographic orientations to the magnetite. 
Adjacent to the large bordering masses the ilmenite is frequently entirely 
lacking in the magnetite, but there is an increase in the number and size 
of these exsolved masses, as distance increases away from the large 
adjacent ilmenite mass. Crystal orientation work, of the kind done by 
N. W. Buerger, would be necessary to prove what proportion of these 
formed originally as solid solutions. 

The variations in the opaque oxides suggest that they would, if studied 
in polished briquettes, form an important part in heavy mineral correla- 
tion work. 
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Graphic intergrowths in which opaque oxides form a component were 
observed most often in the femic rocks such as gabbro and diabase, less 
often in the dioritic rocks, and not at all in granite and syenite. The most 
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Ficure 2.—Opaque oxide intergrowths partly, if not wholly, formed by exsolution 
in basalt, diabase and gabbro 


Black is ilmenite except in (A), which is hematite; white is magnetite. Shows scale, proportions, 
and forms, common to rocks of various grain sizes. Traced from photographs taken with polarized light. 
(A) Exsolved hematite along crystal directions, probably the octahedron, in magnetite. Basalt. Mt. 


Etna. 

(B) Exsolved ilmenite along crystal directions and borders of two differently oriented portions of a 
magnetite crystal or mass. Large mass of exsolved ilmenite lying between. Diabase. Medford 
dike, Medford, Massachusetts. 

(C) Exsolved lamellae and angular masses of ilmenite, conforming to crystal directions in magnetite. 
The magnetite is swept free of small ilmenite lamellae near large ilmenite masses, also the small 
lamellae increase in size away from them. Gabbro, Cape Neddick, Maine. 

(D) Lamellae and angular masses of ilmenite in magnetite, that conform to crystal directions of the 
magnetite. Much, if not all, of the ilmenite has probably formed by exsolution. Gabbro. 
Tripyramid Mountain, New Hampshire. 

(EZ) Broad, short lamellae and large mass of ilmenite. The ilmenite has, as in (B) and (C), a strong 
tendency to exsolve to the border of the magnetite, with the magnetite swept free of ilmenite 
adjacent to the large mass, and with increase in size and amount of ilmenite with distance 
from it. Large mass of ilmenite may have been formed wholly, or only partly, by exsolution. 
Gabbro, Cape Neddick, Maine. 


common type of intergrowth is with a ferromagnesian silicate crystal, but 
in diabase the oxides may also form intergrowths with quartz or feldspar 
in the interstitial micropegmatite.’° 


10 G. M. Schwartz: The relations of magnetite and ilmenite in the magnetite deposits of the Duluth 
gabbro, Am. Mineral., vol. 15 (1930) p. 249-250. 
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The oxides observed as taking part in the intergrowths were magnetite, 
or ilmenite, or magnetite-ilmenite exsolution intergrowths. 

The size of laminae in the intergrowths is larger in intrusive rocks than 
in the extrusive (P]. 13) but is clearly not dependent on the size of silicate 
crystals, as might be the case if the intergrowths were formed by the oxides 
replacing the silicate. These features suggest that the intergrowths were 
formed by the minerals crystallizing simultaneously from the magma. 
The subgraphic intergrowths formed by skeleton crystals of ilmenite inter- 
crystallized with silicates were probably also formed by simultaneous 
crystallization (Pl. 13, fig. 4). 

In theories of petrogenesis the position of the opaque oxides in the 
crystallization sequence of the igneous rocks is of very considerable im- 
portance. That magnetite-ilmenite, in part, finished crystallizing quite 
late in many gabbros and basalts has particular significance in fractional 
crystallization theories of rock differentiation. 

The late position of some magnetite and ilmenite in gabbroic rocks has 
been recognized by Vogt,'? and, in certain basalts, by Teall,’? Washing- 
ton,® and others. Fenner ** has recently discussed the petrogenic impor- 
tance of an iron-rich interstitial residue in basalts, and finds late magnetite 
in the Deccan traps and the Triassic basalts in New Jersey. Also, “in 
diabases of this kind most of the iron ore commonly occurs as a few large 
crystals of which the late deposition is indicated by lack of idiomorphic 
outline, the crystals being of irregular or straggling form and molded upon 
adjacent crystals of silicate minerals.” ** Looked at broadly, the basalt- 
gabbro series show considerable time variation in the relatively late 
closing of crystallization of some magnetite and ilmenite. Considering 
only that portion of the oxides which finished crystallizing late, some of 
the gabbros and diabases show them as finishing near, but not at, the 
close of rock crystallization. In some examples they are estimated to have 
completed crystallization with the rock still 30 per cent liquid, in others 
only 20 per cent, and others still less. Occasional examples display these 
oxides in interstitial micropegmatite. Some basalts contain oxides that 
finished crystallizing all through the last half of rock crystallization, with 
some in the final interstitial material. Others show practically all the 
magnetite in the final residue—that is, all the oxides finished crystallizing 


1 J, H. L. Vogt: The physical chemistry of the crystallization and magmatic differentiation of igneous 
rocks, Jour. Geol., vol. 29 (1921) p. 629-634. 

12 FE, T. Newton and J. J. H. Teall: Notes on a collection of rocks and fossils from Franz Josef Land, 
Geol. Soc., London, Quart. Jour., vol. 53 (1897) p. 487-488. 

13H. 8. Washington: Deccan traps and other plateau basalts, Geol. Soc. Am., Bull., vol. 33 (1922) 
p. 772-778. 

“4 C. N. Fenner: The crystallization of basalts, Am. Jour. Sci., vol. 18 (1929) p. 225-253. 

% Op. cit., p. 246. 
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in the last 10 to 25 per cent of liquid. The evidence seems good that in 
these latter the oxides did not begin to crystallize until the rock was 70 to 
80 per cent crystalline (Pl. 16, figs. 1, 2, 3). The conflicting data of 
petrographers who have investigated this field are quite understandable— 
different rocks show differences in age relations of the opaque oxides. 

In the present study, no relationship could be found between the amount 
of opaque oxides and their position in the crystallization sequence in 
gabbros, a point of considerable difference with Vogt. 


SULPHIDES 


General Statement.—The sulphides vary in amount, grain size, species, 
habit and type of occurrence, and position in the crystallization sequence 
of the igneous rocks, in a manner analogous to the opaque oxides and 
silicates. These features suggest strongly that the sulphides were derived 
during rock crystallization from within a sphere of short radius. They 
are, therefore, considered as normal products of igneous rock crystalliza- 
tion. This is not intended to mean that introduced sulphides may not 
also be present in igneous rocks for, as is well known, such is often the 
case. It is believed, however, that little introduced sulphide is present in 
the material on which the present study was made. 


“Solubility” of Sulphides——The intrusive rocks containing the least 
amount of sulphide are granites and anorthosites, which contain, on the 
average, not more than 5 to 10 per cent as much as the gabbros, and often 
contain less than this proportion. 

Of the extrusive rocks the trachytes contain the least; no rhyolites were 
studied. 

Gabbros contain more sulphides than diorites and anorthosites, and 
basalts contain more than nepheline basalts, trachytes, and phonolites. 
This shows some agreement with the results of Vogt’s experiments with 
slags, in which the “solubility” of sulphides was found to vary inversely 
with the percentage of silica. The sulphides species in the rocks are, 
however, different from those in the slags.’* 

The sulphides, as a whole, are later in the crystallization sequence in 
the gabbros than in the diorites, and, in turn, are later in the diorites than 
in the granites. Similarly, on the basis of decreasing proportions of late 
sulphide, the extrusives take the order, basalts, andesites, and trachytes. 
These features are probably due to the combined effect of higher crystal- 
lizing temperatures and greater ferromagnesian and lower silica content 
of the gabbroic rocks. 


1% J, H. L. Vogt: Die sulfid-silikatschmelzlosungen I: die sulfid-schmelzen und die sulfid-silikat- 
schmelzen (1919); Die sulfid-silikatschmelzl 9 (1917). 
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Chalcopyrite almost always shows a final separation from the magma 
later than that of the other sulphides. This is shown by a number of 
features, which have been mentioned in the rock descriptions. It very 
rarely forms globular masses. Pyrrhotite and pyrite do not appear to bear 
so constant a sequential relation to each other. In many rocks, pyrrhotite 
has, in part, been formed earlier in rock crystallization than has pyrite. 
This is shown where globular masses of pyrrhotite occur within early 
phenocrysts, with the pyrite as crystals or masses on, and near, the borders 
of silicate crystals. Wherever relative ages are displayed this is certainly 
the most common, but, occasionally, pyrrhotite was seen intimately vein- 
ing pyrite. Much more commonly, pyrite partly replaces pyrrhotite. 

The common occurrence of pyrrhotite instead of pyrite in the extrusives 
may be due to loss of sulphur to the atmosphere. The general absence of 
pyrrhotite in granites, but its presence in syenites and the other rocks, 
can not with any certainty be accounted for at present. 

Chalcopyrite is widespread, but decreases markedly in amount in the 
soda-rich rocks, such as nepheline syenites, phonolites, and nepheline 
basalts. It is lacking in the leucite basalts studied. 

Chemical analyses of igneous rocks in which copper has been deter- 
mined are not very numerous but those which are available show greatest 
abundance of that metal in the gabbro-basalt end of the rock series.’” 
This is also the location of most abundant chalcopyrite, the amount being 
of the general order of magnitude required by the percentage of copper 
found by chemical analysis. It is thought that all, or nearly all, of the 
copper in unaltered igneous rocks is present as chalcopyrite. 


Comparison of Sulphides in Extrusives and Intrusives—-The marked 
influence of rock composition on the “solubility” of the sulphides has been 
mentioned. A difference of “solubility” with variation in amount of 
volatiles might also be anticipated. Since lava eruption and flow are 
usually accompanied by loss of volatile, extrusives probably contain less 
volatile matter—in large part, water—than the intrusives of corresponding 
original composition. The value of comparison is lessened somewhat by 
the fact that andesites are not strictly equivalent in composition to dio- 
rites, and basalts differ from gabbros in both silicate and sulphide con- 
stituents. 

Although some differences in the sequential position of the sulphides 
are found by comparison of lavas and corresponding intrusives, they are 


17 W. Lindgren: Mineral deposits, 2nd ed. (1919) p. 8-10. 
T. M. Broderick and C. D. Hohl: Differentiation in traps and ore deposition, Econ. Geol., vol. 30 


(1935) p. 301-312. 
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small and not at all of the magnitude of those associated with rock compo- 
sitional differences. Neither are they always in the direction required by 
the theory that volatiles increase “solubility” of the sulphides. A larger 
proportion of the sulphides are formed early in rock crystallization in 
trachytes than in syenites, and it is possible that a slightly larger per- 
centage of sulphides is earlier in andesite than in diorite, but the differ- 
ences are not marked. 

Contrary to this, is the relatively later occurrence of sulphide in phono- 
lite, as compared with nepheline syenite. Chalcopyrite with some pyrrho- 
tite is late in the basalts, as compared with early to late sulphides in the 
coarse-grained intrusives. 

The presumably higher temperatures at which extrusives crystallize 
may be an important factor, opposing the influence of loss of volatiles. 

Copper sulphides were found concentrated near the upper parts of two 
lava flows in the Lake Superior region, examined by Broderick and Hohl.** 
In addition to the copper and sulphur, other elements, such as Mn, P, Ti, 
K, Na, and in one also Fe and Si were concentrated near the upper parts 
of the flows. The concentration is attributed to transfer of these elements 
by volatiles which ascended through the liquid portion of the cooling flow 
and became trapped within the solidifying top. Bowen includes these 
elements in a list of those which, from general considerations, would be 
expected in the gaseous phase from a boiling pegmatitic liquid. There is 
much to command the idea of gaseous transfer. However, it should not 
escape notice that in a basaltic magma the bulk of the elements mentioned 
are frequently concentrated in the portion that crystallizes late. This 
includes S, Cu, Fe, and Ti, as well as Na, K, and Si. The possibility of 
some effect due to fractional crystallization can not be ignored. In view 
of the statement, “Volatiles which ascended . . . . on becoming trapped 
below the solidified portion, altered and replaced it and introduced the 
constituents carried upwards as or by the volatiles,” *° it should be quite 
possible to settle the question by microscopic study of mineral species to 
determine their age and association. 


Formation of the Sulphides—tThe pyrite in granites generally formed 
as crystals from the magma. Some of the earliest pyrite in gabbros formed 
as globular masses in the opaque oxides. Silicate frequently comprises a 
part of the globular mass, as may be seen in figure 3 of Plate 6. This 
strongly suggests that the pyrite separated, to some extent, as immiscible 


18 T. M. Broderick and C. D. Hohl: op. cit., p. 301-312. 
T. M. Broderick: Differentiation in lavas of the Michigan Keweenawan, Geol. Soc. Am., Bull., 
vol. 46 (1985) p. 503-558, 
#N. L. Bowen: The broader story of magmatic differentiation briefly told in Ore deposits of the 
Western States, Am. Inst. Min. Metall. Eng., Lindgren vol. (1933) p. 119-120. 
2% T. M. Broderick and C. D. Hohl: op. cit., p. 310. 
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globules containing some silicate in solution. The latest pyrite in gabbros, 
however, forms small masses as a network of veins in feldspar crystals. 
This has the appearance of having been deposited by somewhat tenuous 
solution. 

Pyrrhotite was deposited as crystals in some igneous rocks. Globular 
masses, like those in figures 5, 6, and 7 of Plate 6, arecommon. Pyrrhotite 
with less associated chalcopyrite forms globular masses, particularly in 
andesites. The globular masses of pyrrhotite, pyrrhotite-pentlandite, and 
pyrrhotite-chalcopyrite are regarded as having separated from the magma, 
due to liquid immiscibility. The shape of these sulphide globules is simi- 
lar to those in sulphide-bearing slags. 

Later sulphide, such as chalcopyrite, seldom shows globular forms, 
which fact may possibly be related to a higher percentage of volatiles in 
the final residue. The small amount of bornite found is probably, for the 
most part, secondary after chalcopyrite; however, some may be primary. 

The evidence indicates certain mutual solubility relations. Silicate is 
evidently soluble in liquid pyrite and also, to a less extent, in pyrrhotite. 
Ilmenite is soluble, in limited amount, in liquid pyrite and pyrrhotite 
(Pl. 6). Pyrrhotite and chalcopyrite are, to some extent, mutually solu- 
ble. In the droplets in rock minerals they apparently separated while in 
the liquid state, forming adjacent masses with smooth-curving boundary, 
or crystallized as a solid solution which later exsolved to form lamellae of 
chalcopyrite in pyrrhotite. The latter invariably displays chalcopyrite as 
the minor constituent. Constituents of pyrrhotite and pentlandite are, 
to some extent, mutually soluble in the liquid state and, also, in the solid. 
Pentlandite is invariably the minor phase and exsolves from the pyrrho- 
tite as small lamellae. 


SIGNIFICANCE OF NEW DATA TO ORE GENESIS 
GENERAL STATEMENT 


This new information on sulphide and oxide occurrence in normal 
igneous rock has a bearing on present day theories of ore genesis. 

It gives much added weight to the belief that certain types of ore 
deposits consist essentially of the last residue of a crystallizing magma. 
Examples include “titaniferous iron ore” deposits, pyrrhotite-pentlandite- 
chalcopyrite deposits, certain copper deposits, and possibly some pyritic 
deposits of the type found in Norway associated with dynamo-metamor- 
phosed gabbros. It also gives evidence of a negative character which 
suggests that many types of ore deposits, such as those containing lead and 
zinc, have not been formed by the metals being concentrated in the last 
residue of a crystallizing magma. 
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ORE DEPOSITS CONTAINING MINERALS FOUND CHARACTERISTICALLY IN THE LAST 
PORTION OF A CRYSTALLIZING MAGMA 


“Titaniferous Iron Ores.”—Deposits of magnetite-ilmenite, in which 
the magnetite contains exsolved ilmenite, and always, apparently, exsolved 
spinel, are well-known in world-wide association with gabbros and norites. 
Sulphides are commonly present (Pl. 17, figs. 1, 2) and, in some of the 
deposits, plagioclase feldspar as scattered crystals. 

Late ilmenite or magnetite-ilmenite in which the magnetite contains 
exsolved lamellae of ilmenite and exsolved spinel are common in gabbros 
and norites. 

The range of proportions of these oxide minerals in the ore deposits, a 
number of which have been examined by the writer, lies within the range 
found in the gabbros and norites. A complex solid solution, such as is 
required to form by exsolution an intergrowth of magnetite-ilmenite- 
spinel, requires a special set of temperature, concentration, and pressure 
conditions. Its presence in ore and in late oxides in the gabbros and norite 
makes it reasonable to consider the ore deposit as having been formed by 
concentration of the similar material found as a late crystallization prod- 
uct in gabbros and norites. This view, developed by Osborne,”* finds 
added confirmation in the present study. The ore deposits are regarded 
as having been formed by filter-pressing the partly crystallized rock, the 
mobile uncrystallized material moving into zones of lower pressure. 
Filter-pressing the residual liquid from a rock over 80 per cent crystalline 
would probably require deformation sufficient to produce plastic flow of 
the crystals in the solidified portion of the rock. 

Late ilmenite and ilmenite-hematite or ilmenite-rutile exsolution inter- 
growths are common in anorthosites and norites. Similarly, certain of 
the titaniferous iron ores consist largely of ilmenite or ilmenite-hematite 
and/or rutile. These are usually associated with anorthosite or norite. 
The same mode of origin is held for these. 


Pyrrhotite-Pentlandite-Chalcopyrite Deposits. — Pyrrhotite-pentland- 
ite-chalcopyrite deposits that contain variable amounts of nickel and 
copper have been found in many places in association with norite or 
gabbroic rock. 

Late pyrrhotite, with exsolved pentlandite and associated chalcopyrite, 
is common in norites, and is also present in gabbros. The ratio of pent- 
landite to pyrrhotite is smaller in gabbros than in norites and still smaller 
in two of the diorites examined. In the ore deposits, this ratio lies within 
that estimated as its range in the rocks examined. 

The iron-titanium oxides are significant components in the pyrrhotite- 


21 F, F. Osborne: Certain magmatic titaniferous iron ores and their origin, Econ. Geol., vol. 23 (1928) 
p. 724-761, 895-922. 
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pentlandite-chalcopyrite ore deposits. The oxides isolated in massive sul- 
phides, in general, display a radically different habit from those in ordinary 
norite or gabbro and also show a smaller size exsolution structure. The 
oxides found in concentrations of sulphides are magnetite-ilmenite exsolu- 
tion intergrowths, usually also containing exsolved spinel (Nye, Montana; 
Dalton, Massachusetts; Funter Bay, Admiralty Island, Alaska; St. 
Stephen, New Brunswick); homogeneous magnetite containing much 
titanium, as shown by chemical tests (Dracut, Massachusetts; Alexo Mine, 
Iroquois Falls, Ontario, Canada); and magnetite-ilmenite, magnetite, 
ilmenite-hematite, and ilmenite at Sudbury, Ontario. More detailed 
search would probably show additional species or intergrowths at some 
of these places. The habit of the oxides where found in the massive sul- 
phides is hypidiomorphic to idiomorphic. In several of the deposits, men- 
tioned above, the oxides form partial rims to small masses of sulphides 
and frequently show signs of corrosion or resorption, particularly where 
adjacent to chalcopyrite. ; 

Idiomorphic, and often partly resorbed, magnetite and magnetite- 
ilmenite intergrowths present in massive sulphide contain globular masses 
of pyrrhotite, often with exsolved blades of pentlandite at Dalton, Mas- 
sachusetts; Dracut, Massachusetts; Nye, Montana; Funter Bay, Alaska; 
St. Stephen, New Brunswick; and Sudbury, Ontario (PI. 17, figs. 3, 4, 
5,6). Chalcopyrite, although present in the sulphides outside the oxides, 
was rarely observed in these globular, or drop-like, masses. Evidently in 
the sulphide-rich solution, pyrrhotite-pentlandite became partly immis- 
cible fairly early during crystallization, in contrast to the relations in the 
gabbros and norites containing only the small normal amount of sulphides. 

Ilmenite exsolved from magnetite, forming partial rims around the early 
included sulphide masses, was observed in specimens from Funter Bay, 
Admiralty Island, Alaska; Dalton, Massachusetts; and Nye, Montana. 
Exsolved spinel was also observed in this relationship. Thus, both ilmenite 
and spinel exsolve from magnetite around inclusions as well as develop 
along crystal directions and borders of sulphides. Here is additional evi- 
dence that the included sulphide masses antedated the exsolution of 
ilmenite and spinel. The smaller scale of, or even the lack of, exsolution 
structures in the oxides of the ore deposits, as contrasted with those of 
similar oxides in ordinary gabbros and norites, strongly suggests more 
rapid cooling in the former, and, in fact, the scale of the structures is com- 
parable to that found in many diabases. 

Consideration of all the features observed leads the writer to the follow- 
ing conclusions. 

In normal gabbros and norites, pyrrhotite-pentlandite does not form 
until the rock is evidently over 90 per cent solid. Most of the chalcopyrite 
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forms still later. Deforming pressures would seem to be the most logical 
cause of the segregation of the liquid sulphides and the maintenance of 
the same general proportions of the several sulphides. In view of the 
fact that at that time the rock would be a skeleton, or network, of rigidly 
adhering crystals with only a small amount of interstitial liquid, consider- 
able plastic deformation of the crystalline part of the rock would seem to 
be required in order to press out the residual liquid into zones of lower 
pressure, and thus effect a marked concentration of the sulphides. The 
resulting source-rock would probably be foliated. 

The alternative view, that gas pressure may move the sulphides into a 
zone of lower pressure, is regarded with less favor. At the late stage of 
rock crystallization when the sulphides form, they would be, in large 
part, sealed in, or surrounded by, crystalline material. Plastic deforma- 
tion might unseal the minute sulphide reservoirs, but it is difficult to 
conceive of gas pressure doing so. 

There would seem to be little doubt that, in the rocks containing a 
concentration of sulphides (ore deposits), some of the early sulphides 
separated as immiscible globules (Pl. 17, figs. 3, 4, 5,6). A preliminary 
concentration of sulphides, such as has been suggested, giving a sulphide- 
rich magma, might produce immiscibility of the sulphide early enough in 
rock crystallization so that some of it would settle toward the bottom of 
the magma as droplets. A norite magma high in silica might possibly give 
the same results, even though the sulphide content was not unusually 
high. There is little microscopic evidence in support of this possibility. 
The writer has no new evidence bearing on the concentration and charac- 
ter of the residual solution that produced the bulk of the pyrrhotite- 
pentlandite-chalcopyrite ore deposits. Whether they should be termed 
magmatic depends entirely on the definition of that word. 


Copper Deposits.—Similarly, it might be expected that filter-pressing of 
diorite, gabbro, or norite magmas at later stages, and to a degree that 
would produce or require plastic deformation of the crystalline part, 
might concentrate chalcopyrite. Some solutions formed in this way might 
be expected to contain the components of the iron-titanium oxides. Unless 
crystallization through a falling temperature range had caused precipita- 
tion of the titanium zonally below, the iron-titanium oxides would prob- 
ably be present. The copper deposit at Engels, California, may possibly 
be an example. 


OTHER ORE DEPOSITS 


Lead and zinc are present in igneous rocks on an average to the amount 
of about one-fifth and one-third, respectively, of the amount of copper.?? 


22 W. Lindgren: Mineral deposits (1983) p. 4. 
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Copper is widely present as chalcopyrite, but the corresponding sulphides 
of lead and zinc were not found. Although this is negative evidence, it 
seems very likely that these metals are contained in the silicates as 
solid solutions. Regardless of what silicates they form a part of, they 
do not form concentrations of sulphide as does copper in the last residual 
liquid of a crystallizing magma. Zinc may be soluble in minor proportions 
in the residual sulphides, as is suggested by the presence of minor sphaler- 
ite in some of the pyrrhotite-pentlandite deposits. 

Removal of lead and zinc from a magma, then, requires that the action 
take place before they are withdrawn from the liquid by crystallization 
of silicates. 

A process of distillation from the liquid, or partly liquid, magma, such 
as has been suggested by Fenner,?* would seem to be necessary for these, 
and probably also most, magnetite and many copper deposits. 

Spectroscopic analyses should be made of the individual silicates in 
igneous rocks to determine the position of the minor metals and to ascer- 
tain the trends in concentration produced by differentiation. 


SUMMARY AND CONCLUSIONS 


1. The opaque oxides found in the igneous rocks examined vary in 
amount, grain size, habit, species, and position in the crystallization 
sequence in rocks of different composition and texture. 

2. The most widely occurring forms of the opaque oxides are magnetite- 
ilmenite exsolution intergrowths, magnetite, and ilmenite. Magnetite is 
more abundant in the salic and extrusive rocks, and ilmenite in the femic, 
while the exsolution intergrowths of magnetite-ilmenite are found in 
greater or less amount in nearly all types of igneous rocks. Ilmenite- 
hematite exsolution intergrowths are present in many granites, norites, 
and anorthosites. Exsolution intergrowths of magnetite-ilmenite-spinel 
are found chiefly in gabbros and norites. 

3. The bulk of opaque oxides are very early in granite. At the other 
end of the rock series, many gabbros, diabases, and basalts contain opaque 
oxides, which, in part, finished crystallizing later than the bulk of the 
ferromagnesian and feldspar crystals. 

4. Sulphides are widely distributed in ordinary igneous rocks and vary 
in amount, grain size, habit, species, and position in the crystallization 
sequence in rocks of different composition and texture. Analogous varia- 
tions are shown by the opaque oxides and rock-forming silicates. The 
sulphides are regarded as magmatic in the sense that they were formed by 
substance gathered during rock crystallization, within a short radius of the 
present sulphide mass. 


%C. N. Fenner: Ore deposits of the Western States, Am. Inst. Min. Metall. Eng., Lindgren vol. 
(1988) p. 58-106. 
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5. In diabase dikes with chilled margins, pyrite, pyrrhotite, and, usually, 
chalcopyrite show increases in size of mass from the border of the dike 
toward the center. Pyrite also shows a marked change in habit. 

6. The granites and closely allied rocks examined contain pyrite and 
chalcopyrite. Both are widely, but sparingly, distributed. Some of the 
pyrite is early and forms inclusions in magnetite; other, larger hypidio- 
morphic to idiomorphic crystals are later, but finished crystallizing before 
the close of rock crystallization. 

7. The syenites and nepheline syenites examined contain pyrite, pyrrho- 
tite, and chalcopyrite. 

8. The diorites and allied rocks examined contain pyrite, pyrrhotite, 
chalcopyrite, and, in two instances, some very minor pentlandite. The 
habit and occurrence of pyrite indicate that, as a whole, it is formed later 
in rock crystallization than in granite. 

9. The gabbros and closely allied rocks examined contain pyrite, pyrrho- 
tite, chalcopyrite, and pentlandite. The habit and occurrence of the 
pyrite indicate that a part of it forms later than it does in diorites. The 
latest pyrite forms small masses, composed of a network of veinlets, occu- 
pying a part of a feldspar crystal, and with the individual veinlets fol- 
lowing the feldspar crystal directions. In coarse-grained diabases, similar 
relations are present, but finer-grained ones often contain the network in 
the fine-grained interstitial rock silicates. 

Pyrrhotite and pentlandite usually formed fairly late during rock 
crystallization, with chalcopyrite still later. 

10. The norites and allied rocks examined show features much like those 
of the gabbros, except that pentlandite is more abundant relative to the 
other sulphides. 

11. The extrusives that were studied—phonolites, trachytes, andesites, 
and basalts—contain sulphides with much smaller average grain size than 
the sulphides in intrusives. Differences in the proportions of sulphides, 
of different species, and in the relative time of formation are present in 
these several rock types. 

12. The more femic rocks contain a larger proportion of sulphides than 
do the salic ones. The sulphides formed over a longer period of time, from 
fairly early to late in the femic ones, as contrasted with relatively early 
formation in the salic rocks. Both these features indicate a higher 
“solubility” of sulphides in the femic rocks. 

13. The influence of water and other volatiles on the “solubility” of the 
sulphides in a magma is slight, compared to the influence of rock compo- 
sition. This conclusion is based on the assumption that water.and other 
volatiles are more abundant in intrusives than in éxtrusives. 

14. The sulphides formed from the magma in several ways. Pyrite and 
pyrrhotite in some types of rocks form hypidiomorphic to idiomorphic 
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crystals, and, also, these, as well as chalcopyrite, have crystallized from 
the magma to form irregular to rounded grains. Pyrite and/or pyrrhotite 
have, in some types of rocks, separated from the magma as immiscible 
globular masses. In intrusives these average several times larger than in 
the extrusives. 

15. Some concentrations (ore deposits) of opaque oxides, containing 
small amounts of sulphides, and concentrations of sulphides with small 
amounts of oxides are found associated with deep-seated intrusives, the 
rock types of which contain the same oxides and sulphides as late products 
of crystallization. These include the titaniferous iron ores, pyrrhotite- 
pentlandite-chalcopyrite concentrations, and, possibly, some copper de- 
posits, and certain pyritic deposits associated with metamorphosed gabbro 
in Norway. These are regarded as formed from the end products of 
crystallizing magmas. Sulphide globules in early formed opaque oxides 
in certain of the nickel deposits, and sulphide globules in ilmenite in the 
Sanford Lake, New York, titaniferous iron ores, indicate the general 
nature of the solutions which formed these deposits—at an early stage in 
crystallization. The solutions must have approached a magma in char- 
acter, with some sulphide immiscible at an early stage. The bulk of the 
sulphides in both types of deposits is clearly later than the crystallization 
of the opaque oxides. 

16. Concentration of the oxides or sulphides to form ore bodies was by 
some process which did not materially affect the relative proportions of 
the magnetite-ilmenite-spinel or of ilmenite-hematite, in the one case, or 
of the pyrrhotite-pentlandite-chalcopyrite, in the other. A mechanical, 
rather than a physico-chemical, process would seem to be required to 
effect such a concentration. The most likely process is filter-pressing by 
deformation sufficient to produce plastic flow of the crystals in the solidi- 
fied portion of the rock. The source-rock would probably be foliated, but 
this does not necessarily mean that the present wall-rocks of such an ore 
body would be foliated. 

17. There is evidence that the igneous rocks of different magmatic 
centers show some variations in sulphides. Detailed study of magmatic 
centers, or provinces, and comparisons of sulphide occurrence in the dif- 
ferent forms of intrusions should be made. 

18. Lead and zine do not form sulphides in the final residue of a 
crystallizing rock. Concentrations of these metals associated with igneous 
rocks have been formed by removal of the metals before they were with- 
drawn from the liquid by crystallizing silicates—probably by a process 
of distillation. 

MassacHvusetts INsTITUIE oF TECHNOLOGY, CAMBRIDGE, Mass. 


Manuscript Recetvep sy THE Secretary or THE Society, SEPTEMBER 25, 1935. 
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EXPLANATION OF PLATES 


1 
PYRITE IN GRANITES 


Ficurs 1—Pyrire, SHOWING ANGULAR OUTLINES (IDIOMORPHIC?) IN IDIOMORPHIC 
MAGNETITE. Granite. Austin, Nevada. 700. 


Ficure 2—Pyrire (WITH PITTED MARGIN) IN MAGNETITE. Granite. New London, 
Connecticut. 200. 


Ficures 3—Pyrire—witH SILICATE IN PATCHWORK POLARIZING MAGNETITE. Granite. 
Knob Lick, Missouri. Polarized light. 700. 


Ficure 4—Pyrire WITH PITTED ANGULAR MARGIN IN MAGNETITE. Alkaline granite. 
Mt. Ascutney, Vermont. 


Ficuxe 5.—IpIOMORPHIC PYRITE IN FELDSPAR. Granite. Diamond Hill, Rhode Island. 
X50. 


Ficurs 6—IpiomorPHic FYRITE IN FELDSPAR. Granite. Milford, New Hampshire. 
X50. 


Ficurs 7—IpIoMoRPHIC PYRITE IN QUARTZ AND FELDSPAR. Granite. Picton Island, 
Thousand Islands, New York. X50. 


Ficure PYRITE IN QUARTZ-FELDSPAR AGGREGATE. Granite. Picton 
Island, New York. X50. 


Ficurs 9.—Pyrire 1n Frexpspar. Granite. Addison, Maine. X50. 


Ficure 10—PyYrire BETWEEN FELDSPAR AND BIOTITE. Granite. St. Cloud, Minnesota. 
X50. 
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4.—PyYRitTe IN DIORITE. 


EXPLANATION OF PLATES 


Figure 1—Pyrire IN DIORITE. 
Ficure 2.—PyritTe IN DIORITE. 


Ficure IN DIORITE. 


Ficurn 5.—PYRIvTE IN DIORITE. 


Ficure IN DIORITE. 


PuaTe 2 
PYRITE IN DIORITES 


White is pyrite; light gray, ferromagnesian silicate; dark gray, feldspar and other 
light-colored minerals with low reflectivity; black, pits and magnetite covered with 


Electric Peak, Wyoming. X50. 

Charlestown, Vermont. X50. 

Calais, Maine. X50. 

Divide Pass, Glacial National Park, Montana. X50. 
Freiberg, Germany. X50. 

Gothandaselbot, Germany. X50. 
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3 
PYRITE IN GABBRO, DIABASE, AND NORITE 


White is pyrite; light gray, ferromagnesian silicate; dark gray, feldspar; black, 
pits and magnetite covered with black ink. 


Ficure 1—Pyrire, vEINING AND INCLOSING NUMEROUS SMALL INCLUSIONS OF FELD- 
spar. Gabbro. Duluth, Minnesota. X20. 


Ficure 2.—PyYrirz BETWEEN FERROMAGNESIAN SILICATE AND FELDSPAR. Gabbro. Mt. 
Hope, Maryland. X20. 


Figure 3.—PYRITe, VEINING SEVERAL MASSES OF INCLUDED FERROMAGNESIAN SILICATE, 
AND SURROUNDED BY FELDSPAR. Gabbro. Cape Neddick, Maine. X20. 


Fiaure 4.—PyrirE, FORMING A VEIN NETWORK IN FELDSPAR. Gabbro-diorite. Mar- 
blehead, Massachusetts. X20. 


Fiaurs 5.—PyYRITEe, INCLUDING FERROMAGNESIAN SILICATE AND VEINING THE SURROUND- 
ING FELDSPAR. Norite. Tripyramid Mountain, New Hampshire. X20. 


Ficure 6.—PyYRITE, FORMING VEIN NETWORK IN FELDSPAR. Diabase. Medford dike, 
Massachusetts. 20. 
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EXPLANATION OF PLATES 


4 
GLOBULAR MASSES OF EARLY SULPHIDES IN ANDESITES, AND TWO LATER MASSES 
Figures 2-8, inclusive, exposed only long enough to show the sulphides. 


Ficures 1, 2.—PyYRRHOTITE-CHALCOPYRITE GLOBULE IN LARGE IDIOMORPHIC MAGNETITD 
crysTaAL. Andesite. Buffalo Peak, Colorado. X800. 


Ficures 3, 4—PYRRHOTITE-CHALCOPYRITE GLOBULE IN LARGE IDIOMORPHIC FERROMAG- 
NESIAN SILICATE CRYSTAL. Andesite. Buffalo Peak, Colorado. X800. 


Figures 5, 6—PYRRHOTITE-CHALCOPYRITE GLOBULE IN LARGE IDIOMORPHIC MAGNETITE 
crysTaL. Andesite. Kyosho, Japan. 


Figures 7, 8—PyRRHOTITE-CHALCOPYRITE GLOBULE IN LARGE IDIOMORPHIC FERROMAG- 
NESIAN SILICATE CRYSTAL. Andesite. Kyosho, Japan. 800. 


Ficures 9, 10.—PyrrHOriTe-cHALCOPYRITE—UNKNOWN MINERAL SURROUNDED BY MAG- 
NETITE IN GROUNDMASS OF ANDESITE. Kyosho, Japan. 800. 
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Piate 5 
GLOBULAR MASSES OF EARLY SULPHIDE IN DIORITES 


These are several times the size of those in andesites. 
Fiaurs 1—PyYRRHOTITE GLOBULE IN ILMENITE. Diorite. Charleston, Vermont. 200. 


Ficures 2, 3—PyYRRHOTITE GLOBULE IN FERROMAGNESIAN SILICATE CRYSTAL WITH AD- 
JACENT FELDSPAR (DARK GRAY). Diorite. Charleston, Vermont. 200. 


Ficure 4—PYRRHOTITE GLOBULES IN A MAGNETITE-ILMENITE INTERGROWTH CRYSTAL. 
Diorite. Slide Brook, Tripyramid Mountain, New Hampshire. 200. 


Ficure 5—THE SAME AS Ficure 4, WITH ONE GLOBULE PITTED. X200. 


Ficure 6—PYRRHOTITE GLOBULE IN FELDSPAR. Diorite. Slide Brook, Tripyramid 
Mountain, New Hampshire. X200. 
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PLaTE 6 
GLOBULAR MASSES OF EARLY SULPHIDES AND OTHER MINERALS IN GABBRO 


Figure 1—G.osuLe OF PYRRHOTITE WITH MINOR CHALCOPYRITE AND ILMENITE IN 
EARLY ILMENITE. Gabbro. Cape Neddick, Maine. 200. 


Ficurs 2.—GLoBULE OF PYRRHOTITE AND MINOR PYRITE (BORDER PITS BLACK) IN EARLY 
ILMENITE. Gabbro. Cape Neddick, Maine. 200. 


Ficuru 3.—GLOBULE OF PYRITE AND SILICATE (GRAY) (PITS BLACK) IN FAIRLY LATE MAG- 
NETITE-ILMENITE-SPINEL EXSOLUTION INTERGROWTH. Gabbro. Cape Ned- 
dick, Maine. 200. 

Ficure 4.—GLosBvuLe OF PYRITE WITH MARGIN OF SILICATE IN EARLY ILMENITE. Gabbro. 
Cape Neddick, Maine. X200. 

Ficurs 5.—GLOBULE OF PYRITE-ILMENITE IN EARLY ILMENITE. The two ilmenites have 
different orientation. Gabbro. Cape Neddick, Maine. 200. 

Ficure 6—GLOBULE OF PYRRHOTITE-PYRITE WITH MINOR CHALCOPYRITE AND ILMENITE 
AND BLACK BORDER PITS IN EARLY ILMENITS. Gabbro. Cape Neddick, 
Maine. X200. 
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7 
PYRRHOTITE CRYSTALS IN LEUCITE BASALT AND SYENITE 
AND LATE CHALCOPYRITE IN BASALTS 
The pyrrhotite crystals show some resorption or replacement. 


Ficurn 1.—PYRRHOTITE CRYSTAL IN LARGE IDIOMORPHIC MAGNETITE CRYSTAL. Leucite 
basalt. Monte Somma, Italy. 250. 


Ficure 2.—PYRRHOTITE CRYSTALS IN LARGE IDIOMORPHIC FERROMAGNESIAN SILICATE 
crysTaL. Leucite basalt. Monte Somima, Italy. 300. 


Ficurs 3.—PYRRHOTITE CRYSTALS IN A BLUE SILICATE THAT IS PROBABLY ONE OF THE 
SODALITE GROUP. Leucite basalt. Monte Somma, Italy. 400. 


Ficure 4—PYRRHOTITE CRYSTAL IN SILICATES. Nepheline syenite. Near Little Rock, 
Arkansas. 2650. 


Ficures 5, 6.—LATE CHALCOPYRITE, LYING BETWEEN, AND CONFORMING TO, THE SILICATES 
IN THE INTERSTITIAL RESIDUE. Basalt. Lakeville, Nova Scotia. 800. 


Ficures 7, 8—LATE CHALCOPYRITE, LYING BETWEEN, AND CONFORMING TO, THE SILICATES 
IN THE INTERSTITIAL RESIDUE. Basalt. Watchung Mountains, New Jersey. 
800. 
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8 
PYRITE AND LATE CHALCOPYRITE IN GRANITES 


Figure 1—Pyrire WITH PARTIAL RIM OF MAGNETITE. Granite. Fitzwilliam, New 
Hampshire. 100. 


Fiaure 2—LATe CHALCOPYRITE IN FELDSPAR. Granite. Milford, New Hampshire. 
X 200. 


Fiaure 3—LATE CHALCOPYRITE AT INTERFINGERING BORDER OF FELDSPAR (DARK GRAY) AND 
BIOTITE (LIGHT GRAY). Granite. Milford, New Hampshire. X200. 


Fiaure 4—LaATe CHALCOPYRITE IN FELDSPAR. Granite. Stony Creek, Connecticut. 
X 200. 


Ficure 5—LatTe CHALCOPYRITE IN FELDSPAR. Granite. Stony Creek, Connecticut. 
X 200. 


Ficure 6.—LATE CHALCOPYRITE IN FINE-GRAINED FELDSPAR (DARK GRAY) AND FERROMAG- 
NESIAN SILICATE (LIGHT GRAY). Granite. St. Cloud, Minnesota. 200. 
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9 
LATE PYRRHOTITE-PENTLANDITE-CHALCOPYRITE IN GABBROS 
White is sulphide; light gray, ferromagnesian silicates; dark gray, feldspar and 
other light-colored silicates and quartz. 


Ficure 1—LATe PYRRHOfITE-PENTLANDITE-CHALCOPYRITE CONFORMING TO THE SILICATES. 
Gabbro. Bernador, Bohemia. X100. 


Ficure 2.—LATE PYRRHOTITE-PENTLANDITE-CHALCOPYRITE CONFORMING TO THE SILICATES. 
Gabbro. Barenstein, Radautal, Harz Mountains, Germany. 200. 


Ficure 3.—LATEe PYRRHOTITE-PENTLANDITE-CHALCOPYRITE CONFORMING TO THE SILICATES. 
Gabbro. Bernador, Bohemia. X100. 


Ficures 4, 5—LATe PYRRHOTITH IN GABBRO. Barenstein, Radautal, Harz Mountains, 
Germany. 


Ficure 6—LATe PYRRHOTITE-PENTLANDITE-CHALCOPYRITE IN GABBRO. Barenstein, Ra- 
dautal, Harz Mountains, Germany. X200. 
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Piate 10 
LATE PYRRHOTITE-PENTLANDITE-CHALCOPYRITE IN NORITES 


Ficure 1—LAT& IN FELDSPAR. Norite. 
Mastalonetal, Italy. 200. 


Ficure 2—LATe PYRRHOTITE-PENTLANDITE-CHALCOPYRITE, SHOWING MARKED CON- 
FORMITY TO FELDSPAR CRYSTAL DIRECTIONS. Norite. Mastalonetal, Italy. 
X 200. 


Ficure 3.—LATe PYRRHOTITE-PENTLANDITE-CHALCOPYRITE IN FINE-GRAINED FELDSPAR- 
QUARTZ AGGREGATE. Ferromagnesian silicate (light gray) in upper right 
hand corner. Norite. Radauberg, Harz Mountains, Germany. X200. 


Figure 4—LaTe PYRRHOTITE-PENTLANDITE-CHALCOPYRITE—IN FINE-GRAINED INTER- 
FINGERING FERROMAGNESIAN SILICATE (LIGHT GRAY) AND FELDSPAR (DARK 
Gray). Norite. Radauberg, Harz Mountains, Germany. 


Ficure 5.—LATE PYRRHOTITE-PENTLANDITE BETWEEN, /* 2 CONFORMING TO, FERROMAG- 
NESIAN SILICATE CRYSTALS. Norite. Cortland Series, New York. 200. 
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Puate 11 
OPAQUE OXIDE EXSOLUTION INTERGROWTHS IN GRANITES 


Ficure 1—HEMATITE-ILMENITE EXSOLUTION INTERGROWTH, WITH HEMATITE THE IN- 
TERNAL PHASE. Hematite, white; ilmenite, gray. Granite. Milford, New 
Hampshire. 


Ficure 2.—HEMATITE-ILMENITE EXSOLUTION INTERGROWTH, WITH HEMATITE THE EX- 
TERNAL PHASE. Hematite, white; ilmenite, gray. Granite. Milford, New 
Hampshire. X200. 


Ficure 3.—HEMATITE-RUTILE EXSOLUTION INTERGROWTH. Hematite, white; rutile, 
gray. Red granite. Westerly, Rhode Island. 200. 


Ficure 4—MAGNETITE-RUTILE EXSOLUTION INTERGROWTH. Rutile forms the dark 
lamellae, also the light-colored, nearly horizontal lamellae, and the vein- 
like mass lying between the two portions of the crystal that have a slightly 
different orientation. Polarized light. Granite. Red Beach, Maine. 
X 250. 
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Pirate 12 
OPAQUE OXIDE INTERGROWTHS IN ANORTHOSITE AND DIABASE 


Ficure 1—ILMENITE-HEMATITE EXSOLUTION INTERGROWTH. Hematite, white; ilme- 
nite, gray. Anorthosite. West of Schroon Lake, New York. X200. 


Ficure 2.—SEcTION OF A TABULAR CRYSTAL COMPOSED OF A HEMATITE-ILMENITE EXSOLU- 
TION INTERGROWTH IN FELDSPAR. White, hematite; gray, ilmenite. Anor- 
thosite. Southwest Norway. X800. 


Ficure 3—HEMATITE AND A NON-METALLIC MINERAL, PROBABLY “LEUCOXENE”, FORMING 
EMULSION sTRUCTURE. Anorthosite. Laramie Mountains, Wyoming. 
X 250. 


Figure 4—MaAGNETITE, SHOWING ORIENTED PATCHWORK POLARIZATION EFFECT. The 
orientation is probably along octahedral directions, and in some cases is 
accompanied by, and possibly related to, minute exsolved ilmenite lamel- 
lae and/or to minor alteration. The magnetite is all anisotropic. Solid 
mass of ilmenite (lower left). Compare scale with figure 3 of Plate 1. 
Polarized light. Diabase. Rocky Hill, New Jersey. X100. 
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Priate 13 


GRAPHIC AND SUBGRAPHIC INTERGROWTHS OF OPAQUE OXIDES WITH SILICATES, AND 
ILMENITE CRYSTALS IN GABBRO, DIABASE, AND BASALT 


Figure 1-—-GraPHIC INTERGROWTH OF MAGNETITE-ILMENITE WITH FERROMAGNESIAN 
Gabbro. Duluth, Minnesota. X100. 


Ficure 2—GraPHIC INTERGROWTH OF MAGNETITE WITH FERROMAGNESIAN SILICATE. 
Andesite. Kyosho, Japan. X250. 


Fiauret 3—GRaPHIC INTERGROWTH OF MAGNETITE WITH FERROMAGNESIAN SILICATE, 
WHICH LIES BETWEEN FELDSPAR CRYSTALS (DARK) IN THE CHILLED MARGIN 
OF A DIKE. Diabase. North of Durham, North Carolina. 350. 


Ficure 4—SvuBGRAPHIC INTERGROWTH OF FELDSPAR AND AN ILMENITE SKELETON CRYSTAL 
RIMMED BY MAGNETITE. Diabase. Near Bechtelsville, Pennsylvania. X 100. 


Ficure 5—SKELETAL CRYSTAL OF ILMENITE. Gabbro. Du'uth, Minnesota. >20. 


Ficure 6—SKELETAL CRYSTAL OF ILMENITE. Gabbro. Duluth, Minnesota. X40. 


Ficure 7—ILMENITE CRYSTAL WITH NARROW SELVAGE OF MAGNETITE. Gabbro. Duluth, 
Minnesota. 


Figure 8—SKELETAL CRYSTAL OF ILMENITE. Diabase. Medford dike, Medford, Mas- 
sachusetts. X40. 

Ficure 9.—ILMENITE CRYSTALS IN BASALT ON MARGINS OF THE FELDSPAR CRYSTALS (DARK 
GRAY) AND FERROMAGNESIAN SILICATE (LIGHT GRAY). Basalt. Tlalpam, 
Mexico. X150. 
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Puate 14 
LATE MAGNETITE AND MAGNETITE-ILMENITE I.’ BASALTS 


Figure 1—MaAGNeETITE (WHITE) WITH FINE-GRAINED SILICATES LYING BETWEEN THE 
LARGER CRYSTALS OF FELDSPAR (DARK GRAY) AND FERROMAGNESIAN SILICATES 
(LIGHT GRAY). Basalt. Hawaiian Islands. X300. 


Fiaure 2—MaAGNETITE (WHITE) ON BORDERS OF LARGE CRYSTALS, FELDSPAR (DARK GRAY), 
FERROMAGNESIAN SILICATE (LIGHT GRAY), AND INTERSTITIAL MATERIAL. Ba- 
galt. Paterson, New Jersey. ><300. 


Ficure 3.—MAGNETITE-ILMENITE INTERGROWTH (WHITE) SKELETAL CRYSTALS IN THE 
INTERSTITIAL MATERIAL. Feldspar crystals (dark gray), ferromagnesian 
silicate (light gray). Basalt. Lakeville, Nova Scotia. 150. 


Ficure 4—Same as Ficurs 3, WITH HIGHER MAGNIFICATION, SHOWING THE SKELETAL 
CRYSTALS OF MAGNETITE-ILMENITE IN UPPER AND LOWER LEFT CORNERS. Also 
shows magnetite and ferromagnesian silicate, as thickly scattered “dust” 
in the interstitial residue. 500. 
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Puate 15 
LATE MAGNETITE-ILMENITE AND ILMENITE IN GABBRO 


Ficure 1—LATE MAGNETITE-ILMENITE EXSOLUTION INTERGROWTH (WHITE) BETWEEN, 
CONFORMING TO, AND SENDING SMALL TONGUES BETWEEN, THE FERROMAGNE- 
SIAN SILICATE CRYSTALS (LIGHT GRAY) AND FELDSPAR (DARK GRAY). Each 
tongue is between silicate crystals of different orientation. Gabbro. Du- 
luth, Minnesota. X20. 


Figure 2——LaTe ILMENITE (WHITE) BETWEEN, AND CONFORMING TO, THE FELDSPAR 
CRYSTALS (DARK GRAY). Minor amount of ferromagnesian silicate (light 
gray). Anorthositic gabbro. Duluth, Minnesota. X20. 


Ficure 3.—LATE ILMENITE (WHITE) WITH TONGUES BETWEEN FELDSPAR CRYSTALS (DARK) 
GRAY) AND FERROMAGNESIAN SILICATE CRYSTALS (LIGHT GRAY). Each tongue 
is between crystals of different orientation. Gabbro. Duluth, Minnesota. 
X20. 


Figure 4—LATE MAGNETITE-ILMENITE INTERGROWTH (WHITE) BETWEEN, AND CON- 
FORMING TO, FERROMAGNESIAN SILICATE CRYSTALS (LIGHT GRAY) AND FELD- 
SPAR (DARK GRAY). Two photographs. Gabbro. Mt. Hope, Baltimore 
County, Maryland. x40. 
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LATE MAGNETITE-ILMENITE AND ILMENITE IN GABBRO 


LATE MAGNETITE-ILMENITE IN HYPERSTHENE GABBRO (NORITE) AND 
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EXPLANATION OF PLATES 


16 
LATE MAGNETITE-ILMENITE IN HYPERSTHENE GABBRO (NORITE) AND DIABASE 


Ficure 1—LATE MAGNETITE-ILMENITE (WHITE) WITH MINOR FELDSPAR (DARK GRAY) 
BETWEEN, AND AROUND, FERROMAGNESIAN SILICATES (LIGHT GRAY). Hypers- 
thene gabbro (norite). Essex County, New York. X20. 


Figure 2—LATe MAGNETITE-ILMENITE (WHITE) WITH FERROMAGNESIAN SILICATE (LIGHT 
GRAY) CURVING AROUND A FERROMAGNESIAN SILICATE CRYSTAL (DARKER GRAY). 
Hypersthene gabbro (norite). Essex County, New York. X20. 


Figure 3.—LATE MAGNETITE-ILMENITE, CONFORMING TO IDIOMORPHIC FELDSPAR CRYSTALS 
(DARK GRAY). The ferromagnesian silicate is light gray. Diabase. Rocky 
Hill, New Jersey. X20. 


Ficure 4—(Upper photograph) LATE MAGNETITE-ILMENITE (WHITE), LYING BETWEEN, 
AND SENDING OFF, TONGUES BETWEEN FELDSPAR ORYSTALS OF DIFFERENT ORI- 
ENTATION. 
(Lower photograph) LATE MAGNETITE-ILMENITE (WHITE), LYING BETWEEN 
FERROMAGNESIAN SILICATE (LIGHT GRAY) AND FELDSPAR (DARK GRAY). Both 
diabase. Tar River, North Carolina. X20. 
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GLOBULAR MASSES OF PYRRHOTITE-PENTLANDITE AND PYRRHOTITE IN OPAQUE 
OXIDES PRESENT IN “TITANIFEROUS IRON ORES” AND NICKEL-BEARING 
PYRRHOTITE DEPOSITS 


Ficure 1—GLosBuLAR MASSES OF PYRRHOTITE-PENTLANDITE IN ILMENITE IN MASSIVE 
MAGNETITE-ILMENITE ORE. Lake Sanford, New York. 100. 


Ficure 2—Same as Ficure 1—oneE X100. 


Ficure 3—PyYRRHOTITE GLOBULE IN HYPIDIOMORPHIC MAGNETITE CRYSTAL IN MASSIVE 
PYRRHOTITE-PENTLANDITE-CHALCOPYRITE ORE. Dracut, Massachusetts. 300. 


Fiaure 4.—PYRRHOTITE-CHALOOPYRITE GLOBULE IN MAGNETITE-ILMENITE EXSOLUTION 
INTERGROWTH. IImenite has exsolved from the magnetite around the 
globule. From pyrrhotite-pentlandite-chalcopyrite deposit. Funter Bay, 
Admiralty Island, Alaska. Polarized light. ><200. 


Ficures 5, 6—GLOBULE OF PYRRHOTITE-PENTLANDITE IN MAGNETITE-ILMENITE EXSOLU- 
TION INTERGROWTH. Ilmenite has exsolved from the magnetite around the 
globule. In massive pyrrhotite-pentlandite-chaleopyrite ore. Nye, Mon- 
tana. Polarized light. 100. 
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31) 
TaBLe 1—Granites and allied rocks 
1 | Biotite Granite; Rocklin, California.............. x x eS en 
2 | Biotite Granite; New London, Connecticut....... x eee ee ee x 
3 | Biotite Granite; Stony Creek, Connecticut........ a x 
4 | Biotite Granite; Addison, Maine................ x x 
5 | Drab Biotite Granite; Calais, Maine............. x x = 
6 | Red Biotite Granite; Calais, Maine.............. x x wo we 
7 | Biotite Granite; Hurricane Isle, Maine........... x a rs 
8 | Red Hornblende Granite; Jonesboro, Maine...... x 
9 | Red Biotite Granite; Red Beach, Maine.......... x 
10 | Biotite Granite; Chester, Massachusetts.......... x 
11 | Biotite Granite; Monson, Massachusetts......... x x 
12 | Biotite Granite; St. Cloud, Minnesota............ x x 
13 | Red Biotite Granite; Graniteville, Missouri....... x 
14 | Red Biotite Granite; Knob Lick, Missouri........ x | X 4. x 
15 | Granite; Austin, x 
16 | Granite; Concord, New Hampshire.............. x 
17 | Granite; Fitzwilliam, New Hampshire............ x ee X |] X |. x 
18 | Granite; Milford, New Hampshire............... x x X |. ».4 
19 | RedGranite; 1000 Islands, Picton Island, New York.| X a x t. 
20 | Granite; Faith, North Carolina.................. x 
21 | Granite; Diamond Hill, Rhode Island............ x Fie & a x 4. 
22 ; Gray Biotite Grenite; Westerly, Rhode Island....| X 
23 | Red Biotite Granite; Wescerly, Rhode Island. .... x X 
24 | Biotite Granite; Pascolet, South Carolina......... x x 4. 
25 | Granite, Winnsboro, South Carolina............. x =x i. 
26 | Gray Biotite Granite; Llano, Texas.............. x | Se 
27 | Biotite Granite; Barre, Vermont................. x pe 4 
28 | Biotite Granite; Beebe Plain, Vermont........... ; xa. 
29 | Alkaline Granite, southeast slope, Mt. Ascutney, 
30 | Granite; Nadelwitz near Bautzen, Saxony........ x 
31 | Beer’s Red Granite; Sweden.................... x x + | x 
TasLe 2.—Syenites and allied rocks 
3 | Nordmarkite;northernslope, Mt.Ascutney,Vermont |....| X x xX |X 
4 | Bostonite Porphyry; Lake Asquam, New Hampshire} X |....]....]....]....]....]]....]...-]- 
6 | Syenite, alkaline; Quarry Granite Hill, Cuttingsville, 
7 | Syenite; Reichenberg, Saxony................... a 
8 | Syenite; Rabschutz, x 
9 | Syenite; Zischewich, Saxony..................... x x x 
10 | Syenite; Plauen, near Dresden, Saxony........... x x Pe eee 
11 | Syenite; Island Langarsholmen, near Alno, Sweden | X |....|. x io 
12 | Laurvikite; Larvik, southern Norway............. xX |X 
13 | Augite Syenite; Predazzo, Tyrol, Italy............ x 
14 | Shonkinite; Little Belt Mountains, Montana...... x = 
15 | Monzonite Porphyry; San Cristobal quadrangle, 
3.—Trachytes 
1 | Trachyte; Rosita, Custer County, Colorado........ ee x 
2 | Trachyte; south of Querida, Colorado............. x 
3 | Porphyritic Trachyte; southwest end of Marblehead 
5 | Trachyte; Puu Paupau above Lahaina, Maui,Hawaii | X 4 ix 
7 | Trachyte; Drachenfels, Rhine, Germany........... x 
8 | Trachyte (sanidine-bearing); Drachenfels, Rhine, 
9 | Trachyte; Stenzelberge, Siebengebirge,Germany...|....} X x 
10 | Trachyte; Wolkenburg, Siebengebirge, Germany....|....| X x 
TaBLeE 4.—Nepheline syenites and allied rocks 
1 | Pulaskite; near Little Rock, Arkansas............. xa 
2 | Pulaskite; south shore, Juniper Point, Massachusetts}....| X | X |....]....]. 
4 | Nepheline Syenite; near Little Rock, Arkansas. .... 
6 | Nepheline Syenite, fine grained; Salem Willows, 
7 | Nepheline Syenite, coarse grained; Salem Willows, 
8 | Nepheline Syenite; Libby, Montana.............. x ere ee 
9 | Nepheline Syenite; Red Hill, New Hampshire...... x Lie & 
10 | Nepheline Syenite, Porphyry; Horne Farm, Red Hill, 
11 | Nepheline Syenite, fine grained; Horne Farm, Red 
12 | Nepheline Syenite; Beemerville, New Jersey....... 
13 | Nepheline Syenite, green phase; Warsaw, Wisconsin |.. .| X 
14 | Nepheline Syenite; Ice River, British Columbia....|....)| K |....]....]....]....]] KX | X 
15 | Nepheline Syenite; Sierra de Pocos de Caldas, Brazi]|....)....]....]....]. x 
16 | Nepheline Syenite, coarse grained; Sierra de Pocos de 
17 | Nepheline Syenite; Station Cascata, Brazil........ 
18 | Nepheline Syenite (Pyroxene); Peak of the Foya, 
Sierra de Monchique, Portugal................. « 
19 | Nepheline Syenite (Mica); St. Antonio, Sierra de 
20 | Nepheline Syenite (Mica); Miask, Ural Mountains, 
21 | Nepheline Syenite (Mica), coarse grained; Miask, 


3 
i Type and Locality (2/4 
& 
Taste 5.—Phonolites and allied rocks 
1 | Analcite Tinguaite; West Manchester, Mas- 
2 | Phonolite; Black Hills, South Dakota..... X? |. 
3 | Phonolite; Mt. Mezene, Auvergne, France.|....|....]...... x 
4 | Phonolite; Katzenbuckle, Baden, Germany.| X |....]......]....].... x 
5 | Phonolite; Enthalde, Kaiserstuhl, Baden, 
6 | Phonolite; Lihlossberge, Brux, 
7 | Phonolite; Marienberg, near Aussig, Bohemia| X 
8 | Phonolite; Schlossberg, nearTeplitz, Bohemia} X |....]......]....].... X | X? 
9 | Phonolite; Seelershof, Tann, Rhén Moun- 
10 | Phonolite; Oderwitz, Saxony............. xT i. 
Tas_e 6—Doiorites and allied rocks 
1 | Diorite Porphyry; Mosquito Range, Park 
3 | Diorite, fine grained; Wrentham, Mas- 
4 | Diorite; Divide Pass, Glacier National ceed 
5 | Diorite; Blind Mt. Spring, near Pioche, 
6 | Hypersthene, quartz diorite; Slide Brook, 
7 | Quartz Diorite; Charlestown, Vermont ]....|....]......].... x 
8 | Diorite; Charlestown, Vermont........... x x 
9 | Diorite; West Base, Mt. Ascutney, Vermont} X |....]......].... x x 
10 | Diorite; southeast slope of Little Ascutney, 
11 | Diorite; Electric Peak, Wyoming......... x 
13 | Quartz Diorite; Dismal Inlet, Graham] |f....|......].... 
Island, British Columbia .............. xix 
14 | Diorite; Conradsdorf, near Freiburg, Ger- 
16 | Diorite; Gothandaselbot, Germany........ Zi =z 
TaBLe 7—Andesites and allied rocks 
1 | Hypersthene Andesite; west slope, Mt. 
2 | Hornblende Andesite; Black Butte at west 
3 | Hypersthene Andesite; Buffalo Peak, Park 
4 | Hypersthene Andesite; Phippsburg, Colorado| X x} xX 
5 | Hornblende Pyroxene Andesite; near Com- 
6 | Olivine-bearing Pyroxene Andesite; near 
7 | Hypersthene Andesite; north slope, Ely 
8 | Augite Andesite; dike west of Waldo, 
Cerillos Hills, New Mexico............ x x 
9 | Augite Andesite; dike, Cerillos Hills, New 
10 | Hornblende Andesite; small laccolith, Cer- 
illos Hills, New Mexico............... x | xX 
11 | Andesite; South Fork mining district, 
12 | Andesite; Balverskahn, Siebengebirge, Ger- 
13 | Augite Andesite; Lauenberg, Siebengebirge, 
14 | Hypersthene Augite Andesite; bomb, erup- 
tion of 1909, Kyosho, Japan ........... x 
TasLe 8—Gabbros and allied rocks 
1 | Gabbro-diorite; beach at end of Jersey 
Street, west side of Marblehead, Massa- 
2 | Gabbro-diorite; Jersey Street, near Shep- 
herd Street, Marblehead, Massachusetts.|....) X |....]...... x Xx 
3 | Gabbro-diorite; Allen Road, west side of 
4 | Gabbro-diorite; street south of Jersey 
Street at railroad crossing, west side, 
Marblehead, Massachusetts............. x || X x 
5 | Gabbro-diorite; road cut near Winchester, 
6 | Gabbro, southern part of intrusive mass; 
Cape Neddick, Maine.................- xX xX x 
7 | Gabbro, eastern part of intrusive mass; Cape 
8 | Gabbro, northeastern part of intrusive 
mass; Cape Neddick, Maine........... x Xx x 
9 | Gabbro, northern part of intrusive mass; 
Cape Neddick, Maine.................. xX |] X x 
10 | Gabbro; Mt. Hope, Baltimore County, 
11 | Gabbro; Creek bed, Lincoln Park, Duluth, 
12 | Gabbro; Fairmount Park, Duluth, Min- 
13 | Gabbro; a short distance from No. 12...... Se 
15 | Orthoclase Gabbro; (No. 2, Lake Superior 
Series Collection) Duluth, Minnesota....}....] XK |....]...... x x x 
16 | Gabbro; north of Duluth, Minnesota....... x x 
17 | Gabbro; Birch Lake, Lake County, Minne- 
19 | Olivine Gabbro; Black Cascade, Slide 
Brook, Tripyramid Mt., New Hampshire.|....| KX | X |...... x x|} xX 
20 | Gabbro; Avalanche Brook, Tripyramid Mt., 
22 | Gabbro; Altenstein, Schonau, Black Forest, 
23 | Gabbro; Barenstein, Radautal, Harz 
24 | Olivine Gabbro; Kaltes Tal, Harzburg, 
Harz Mountains, Germany............. xX 
25 | Gabbro; Frankenstein, Odenwald Moun- 
26 | Olivine Gabbro; Haufensteinberg, Wall- 
bach, Odenwald Mountains, Germany...|....| X | X |.... 
27 | Gabbro; Bohringen, Saxony, Germany... .. Se ee Ce 
28 | Olivine Gabbro; Schlegel, Silesia, Germany.|....|....|....]......|..-.]] X | X | X |....|. 
29 | Olivine Gabbro; Volpersford, Silesia, 
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TABLES SHOWING MAJOR AND MOST OF THE MINOR OPAQUE OXII 


» 
+ 
1 
9 
11 
12 
13 
14 
4 15 
16 
17 
2 
4 
5 
‘ 1 
4 
i 


| Bornite 


Specimen 


Type and Locality 


Taste 13.—Norites and allied rocks 


Hypersthene Gabbro; Essex County, New York |.... 


Hypersthene a near Sudbury, Ontario, 


Hypersthene Gabbro; near basic border, railroad 
cut, near Windy Lake, Ontario, Canada ..... 
Hypersthene Gabbro; Onaping Section, basic 
portion Sudbury, Ontario, Canada.......... 
Concretionary Norite; 1 mile east of Penman 
Peak, Plumas County, California ........... 
Biotite Norite; north of Wilmington, Delaware. 
Norite; Rock Springs, Maryland.............. 
Norite; Slide Brook, Tripyramid Mt., New 


Norite, Cortland Series; West Point Quadrangle, 


Norite; Radauberg, Harz Mountains, Germany.|. 
Augite Norite; Radauberg, Harz Mountains, 


Olivine Norite; Radauberg, Harz Mountains, 

Norite; Mastralonetal, Italy.................. 


Norite containing Quartz; Salizetti, Mastal- 


Norite; Samone, Val Sesia, Italy.......... 
Norite; Takvam, Carnaes, Norway............ rT 
Norite; Ekersund, Norway................... 
Norite; Ueland, Haeskestad, Norway.......... re 


Norite; Hittero, 
Norite containing Quartz; Eie, Hittero, Norway.|.... 
Norite, anorthositic; Rustenberg, Transvaal....|.... 


TABLE 14.—Anorthosit 


Anorthosite, white facies; 2 miles south of Acton, 


Los Angeles County, California............. 


Anorthosite; Arrastre Canyon, near Acton, Los 


Angeles County, California................. rer 


Anorthosite, white facies; near Mt. Gleason, 


Los Angeles County, California............. 


Anorthosite; south face, Iron Mountain, Los 


Angeles County, California ................ re 


Anorthosite; Bear Canyon, near Lang, Los 


Angeles County, California................. er 


Anorthosite; Stillwater Complex, Boulder‘ 


Anorthosite; highway east of Beaver Bay, 


Split Rock, Minnesota 
Anorthosite; Beaver Bay, Split Rock, Minnesota |.... 
Anorthosite; Split Rock, Minnesota........... re 
Anorthosite; Long Lake Quadrangle, New York.|.... 
Anorthosite; Santononi Quadrangle, New York.}.... 


Anorthosite; 5 miles north of Schraon Lake 


Anorthosite; 3 miles west of Schroon Lake 


Anorthosite; Cold Springs, Wichita Mountains, 


Anorthosite; 1 mile west of Meers, Wichita 


Mountains, Oklahoma 
Anorthosite; Laramie Mountains, Wyoming ....).... 
Anorthosite; Laramie Mountains, Wyoming....|.... 
Anorthosite; Laramie Mountains, Wyoming....|.... 
Anorthosite; Laramie Mountains, Wyoming....|.... 


Anorthosite; Laramie Mountains, Wyoming... 
Anorthosite; Lake Raunslid, east of Senge’, 


southwest Norway 


Anorthosite band in norite; Rooisluit, 5 miles 


north of Potgietersrust, South Africa........ chase 


H Type and Locality Par g 
TaBLe 9.—Diabases and allied rocks 
1 | Diabase; Mt. Carmel, Connecticut............ x 
2 Diabase; 14 miles east of Farmington, Con- 
3 | Diabase; Farnham Quarry, New Haven, Con- 
4 | Diabase; West Rock, Connecticut....:........ Seeubbavaetes-ecae x 
5 | Diabase; Medford diabase dike, South Quarry 
on Pine Hill, east side of quarry, Medford, 
6 | Diabase; west side of quarry (see No. 5) ...... o's 
7 | Didbase; dike near South Spencer, Massa- 
8 | Diabase; near Brookville, New Jersey......... 
9 | Diabase; Palisade Sill, Dyckman Ferry, New 
Jersey (100 feet above Hudson River........ 
10 | Diabase; Palisade Sill, Dyckman Ferry, New 
Jersey (near top of x|xX 
11 | Diabase; road cut near Rocky Hill, New Jersey.|....| X |...... x 
12 | Diabase; Union Hill, New Jersey ............. eee ee ee x 
13 | Diabase; road cut near Tar River between Ox- 
ford and Durham, North Carolina .......... x 
14 | Diabase; road cut north of Durham at Ledge 
15 | Diabase; building stone quarry, French Creek, 
16 | Diabase; Chestnut Hill, near Gettysburg, Penn- 
17 | Diabase; quarry near Catlett, Virginia......... x 
18 | Diabase; Belmont Quarry, Goose Creek, Lees- 
19 | Dolerite; Gross Priessem near Aussig, Bohemia.| X |....]......]....|].... t 3 
20 | Dolerite; Spannsdorf, near Aussig, Bohemia....} X |....]......]....[].... x 
21 | Dolerite; Tiehlowitz, near Aussig, Bohemia..... 
22 | Dolerite; Lowenburg, Siebengebirge, Germany..}..../ X |...... ak 
23 | Olivine Diabase; Ulfo, Sugermansland.......... 
24 | Diabase; dike, 5 feet thick, on beach, Clifton, 
Massachusetts (border of dike) ............. = 
25 | Diabase; same as No. 24 (center of dike)....... peak Ue Boe weiss x ps 
26 | Diabase; dike near Holden, Massachusetts 
(half way between border and center of dike).|....| X |...... ee 
27 | Diabase; same as No. 26 (center of dike)....... 
28 | Diabase; dike, 30 feet, or more, thick, in trolley 
cut north of Medford, Massachusetts (1 foot 
29 | Diabase; same as No. 28 (3 feet frome x x 
30 | Diabase; same as No. 28 (6 feet from border)...|....} X |...... x x 
31 | Diabase; same as No. 28 (12 feet from border)..}....} X |...... x x 
32 | Diabase; dike, 75 feet, or more, thick, in Middle- 
sex fells, north of Medford, Massachusetts (10 
33 | Diabase; same as No. 32 (20 feet from border)..|....| X |...... x 
34 | Diabase; same as No. 32 (40 feet from border).|....) X |...... x 
35 | Diabase; dike or sill, over 30 feet thick, 7 miles 
northeast of Durham, North Carolina (4 feet 
36 | Diabase; same as No. 35 (16 feet from border). . cl 
Taste 10.—Basalts and allied rocks 
1 | Quartz Basalt; cinder cone, Lassen Peak, Cali- 
2 | Basalt; quarry, 3 miles west of Trinity College, 
3 | Basalt; Tarriffville, Connecticut............... x 
4 | Basalt; No. 4 Quarry, Westfield, Mssachusetts..|....]| X |...... ee er x 
5 | Basalt; Watchung Mountain, Orange, New Jersey| X |....|...... ak 
6 | Basalt; quarry near Plainfield, New Jersey...... 
7 | Basalt; Bergers Quarry, West Paterson, New 
9 | Basalt; 2 miles northwest of Lakeville, Nova 
10 | Basalt; Canteras de Tlalpam, Distrito Federal, 
11 | Olivine Basalt; Cantera de Santa Rosalie, San 
Angel, Distrito Federal, Mexico............. sel 
12 | Augite Basalt Porphyry; Hawaiian Islands..... 
13 | Olivine Basalt; Haleakala ‘‘Crater,"’ Hawaii....| X |....]...... 
16 | Basalt; Flow of 1886, Mt. Etna, Sicily......... 
17 | Basalt; Lenz, Rhine, Germany................ x 
Taste 11—Nepheline basalts 
1 | Nepheline Basalt; Dockweiler, Eifel Mountains, 
2 | Nepheline Basalt; Hillesheim, Eifel Mountains, | - 
3 | Nepheline Basalt; Katzenbuckel, Baden, Ger- 
4 | Nepheline Basalt; Habelberg, Tann, Rhone 
5 | Nepheline Basalt; Neubert, Annaberg, Saxony, 
6 | Nepheline Basalt; Lobau, Saxony, Germany....| X |....]....-- 
7 | Nepheline Basalt; Spechtshausen, near Tharandt, 
8 | Nepheline Basalt; Landskrone, Silesia, Germany | X |....|....-- 
Taste 12—Leucite basalts 
1 | Leucite Basalt; Monte Somma, Italy.......... 
2 | Leucite Basalt; Vesuvius, Italy............... 
3 | Leucite Basalt Porphyry; Mt. Etna, Sicily...... 
4 | Leucite Basalt; Berlingen, Eifel Mountains, 
5 | Leucite Basalt; Birresborn, Eife] Mountains, 
6 | Leucite Basalt; Papenkaule, Geralstein, Eifel 
7 | Leucite Basalt; Pohlberg, Annaberg, Saxony, 
8 | Leucite Basalt; Dobernberg, Bohemia.......... x 
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SECTION B-B 


Scale in Feer ; Scale in Feet 
Section A-A, eeross Puertecitos Cresk and the spur Section B-B, along the ridge south of Puertecitos Creek. It shows the Capote quartzite (a) in con- 
of Mariquita Mountain. (a) Henrietta flows and tuffs, tact with the Cananea granite, and unconformably overlain by the Henrietta formation, which consists 
(b) intruded by a stock of Mariquita disbase, uncon- of the lower series of fine-grained tuffs (b and e), dacite and latite flows (c), and coarse agglomerates 
formably overlain by (c, d, ¢) the Mariquita andesite (d); the thick Elisa rhyolite (f), and the upper series of trachytes and andesites (h), intersected by 
porphyry Sow, (f) Mess. The hypothetical original ex- an intrusive stock of Mariquita diabase (g), and a breccia zone (i). _Overlying the Henrietta is the 
tent of the Mariquite formation is shown in dashed lines. Mariquita andesite porphyry (j), and the Mesa tuff beds (k). The thickness of the Henrietta forma- 


tion shown in this section is about 5500 feet. 
SECTION C-C 
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SECTION D-D 


Scole in Feer Scale in Feet 
Section C-C, through the eastern end of the Elisa Mine. (a) The Cananea Section D-D, north of Teocalli. By folding, the Mariquita andesite 
granite intrusive; (b) the Capote quartzite; (c) the Puertecitos limestone, porphyry (b) reappears at (d), entirely surrounded by Mesa tuff (c and e). . 
which with the quartzite is folded into a sharp monocline and displayed to It is underlain by the Henrietta formation (a). 


some extent along the Elisa fault; (d) a quartz porphyry intrusive; (e) the 
Elisa rhyolite; and (f) the upper part of the Henrietta formation. 


SECTION E-E 


Scale in Feet 


Section E-E, extending east from Teocalli along San Pedro Creek. A quartz porphyry intrusive is shown at the left (a), against which abuts the 
Mariquita andesite porphyry flow (6), overlain by the Mesa formation. The latter consists of: green and gray tuffs and agglomerates, with thin interbedded 
flows (c); a bed of coarse agglomerate, containing boulders of Elisa rhyolite up to fifteen feet in diameter (d); fine-grained purple andesitic tuffs (e); a bed 
of coarse agglomerate (/); pink and white tuffs (g); the thick San Pedro andesite flow (h); and overlying tuff and agglomerate beds (i). 


SECTION X-X 


Scale in Feet 


Section X-X, across Huajolote Creek, just south of the lower edge of the map. It shows a rather complete section of the Elenita formation, consisting 
of: (a) a thick series of trachytes and tuffs; (b) a sandstone or graywacke bed; (c) trachyte and andesite flows; (d) a second sandstone layer; (e) an 
andesite flow; (/) thick trachyte flows; (g) rhyolites and some trachytes; (h) a thick rhyolitic flow agglomerate; (i) the more gently dipping Henrietta flows, 
tuffs, and agglomerates on the other side of the Tinaja Creek fault; (j) a bed of older conglomerate, quite well lithified; (k) the recent or Quaternary gravels. 
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INTRODUCTION 


The Cananea Mountains are situated in the north central part of 
Sonora, Mexico. At the eastern base of the range is the town of Cananea 
(approximately 31° N. Lat.; 110° W. Long.), about 25 miles south of the 
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international boundary and 38 miles southwest of Naco, the port of entry 
from the United States. 

Sporadic mining has been carried on in this region since before the 
eighteenth century, but never on a large scale until after the formation of 
the Cananea Consolidated Copper Company at the beginning of the pres- 
ent century. Since that time there has been more or less continuous pro- 
duction, which increased considerably during the period from 1928 to 1931 
because of the high price of copper and the discovery of a new high-grade 
ore body. 

Coincident with the development of the mines, several geologists 1 made 
studies of the rocks and ore bodies. In 1907, a systematic survey of the 
region was conducted by S. F. Emmons? and other geologists from the 
United States Geological Survey, and the report on this survey has been 
the standard reference on the district. Some later articles* on special 
problems confirm Emmons’ conclusions; others modify them. 

The geological department of the Cananea Consolidated Copper Com- 
pany, under the direction of V. D. Perry, re-mapped much of the district 
in 1928-1932. This was especially necessary in the highly mineralized re- 
gion from Capote Basin to Sonora Hill, because the distribution of forma- 
tions on the Emmons map was too generalized, and often incorrect. It was 
essential to identify and to delimit exactly each formation, in order to 
interpret the structural features. This work, greatly facilitated by the 
large number of underground workings not available in 1907, was carried 
out on a scale which would have been impracticable at that earlier date. 
At the same time, the author conducted an intensive petrographic study, 
not only in the highly mineralized region, but also in places where the 


1W. L. Austin: Ore deposits of C: , Eng. Min. Jour., vol. 76 (1903) p. 310; Criticism of article 
by W. H. Weed, Am. Inst. Min. Eng., Tr., vol. 33 (1903) p. 1070-1077. 

R. B. Brinsmade: The Cananea copper deposits, Mines and Minerals, vol. 27 (1907) p. 422-424, 
465-469. 

R. T. Hill: Ore deposits of Cananea, Eng. Min. Jour., vol. 76 (1903) p. 421; Cananea revisited, Eng. 
Min. Jour., vol. 76 (1903) p. 1000. 

W. H. Weed: C: copper d its, Eng. Min. Jour., vol. 74 (1902) p. 744; The Cananea District, 
part of paper on Notes on certain mines in the states of Chihuahua, Sinaloa, and Sonora, siete, given 
at the Mezican meeting, 1901, Am. Inst. Min. Eng., vol. 32 (1902) p. 428-435; C ore dep » 
Discussion of article by W. L. Austin in Eng. Min. Jour., vol. 76 (1903) p. 383. 

28. F. Emmons: Cananea mining district of Sonora, Mexico, Econ. Geol., vol. 5 (1910) p. 312-356. 
8M. J. Elsing: Relation of outcrops to ore at Cananea, Eng. Min. Jour., vol. 95 (1913) p. 357-362; 
Secondary enrichment at Cananea, Eng. Min. Jour., vol. 130 (1980) p. 285-288. 

M. L. Lee: A geological study of the Elisa Mine, Sonora, Mexico, Econ. Geol., vol. 7 (1912) 
Pp. 324-339. 

G. J. Mitchell: Primary chalcocite at Cananea, Mezico, Eng. Min. Jour.-Press, vol. 117 (1924) 
p. 880-882; Ore injection at the C Duluth Mine, Eng. Min. Jour.-Press, vol. 119 (1925) p. 45-48; 
The geology of Sonora, Science, n. s., vol. 67 (1928) p. 373. 

V. D. Perry: Applied geology at Cananea, Sonora, in Ore Deposits of the Western States, Am. 
Inst. Min. Eng. (1933) p. 701-709. 

V. C. Kelley: Paragenesis of the Colorada copper sulphides, Cananea, Mexico, Econ. Geol., vol. 30 
(1985) p. 663-688. 
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original character of the different formations could be determined with 
greater certainty. Later, this petrographic survey, accompanied by more 
generalized mapping, was extended to include most of the area covered by 
the Emmons survey. The results of this work are the areal map submitted 
with this report, and a redefinition of many of the formations. 

The conclusions reached in regard to the interpretation of the character, 


origin, and sequence of the formations differ from those of earlier workers. 


in the following respects: 

(1) The Cananea granite is one of the differentiates from the batholithic 
Cuitaca intrusive, rather than a pre-sedimentary basement complex. 

(2) The igneous formations can definitely be grouped into volcanics 
and intrusives. + The former are entirely extrusive and have no genetic 
relation to the ore deposits. 

(3) The Henrietta formation has been newly defined as the volcanic 
beds lying between the Mesa or Mariquita formations and the sediments, 
and does not include the later intrusive Tinaja diorite or the surface rocks 
of eastern Cerro de Cobre, which belong to the Mesa formation. 

(4) The wide band of acid porphyritic rock extending from Teocalli to 
a point near Puertecitos is not an intrusive sill of quartz porphyry, but a 
porphyritic rhyolite flow in the Henrietta formation. 

(5) The Campana diabase and the Colorada quartz porphyry are con- 
sidered to be the final differentiates of the batholithic intrusives, or more 
especially of the Cananea granite, and with a few exceptions the quartz 
porphyry is later than the diabase. 

The author acknowledges his indebtedness to the Cananea Consolidated 
Copper Company for allowing the work to be completed and published; 
to V. D. Perry and other members of the company’s geological depart- 
ment for permission to use the areal geological map which embodies the 
work of the entire department and for help in organization of the material ; 
to V. D. Perry and R. H. Sales, for criticism of the manuscript; and to 
Professor R. J. Colony and other members of the Department of Geology 
and Mineralogy of Columbia University, for aid in the preparation of this 
report. 

SURFACE FEATURES 


The Cananea Mountains lie near the western limit of the region called 
the Sierre Madre Occidental,‘ which consists of disconnected ranges, usu- 
ally having north-south or northwest-southeast long axes. These ranges 
are separated by alluvial plains of late Tertiary or Quaternary gravels, 
thus simulating basin ranges. The Cananea Range has a major axis with 


* Alice Fisher: The principal geographic divisions of Mezico in C. C. Colby: Source book for the 
economic geography of North America (1926) p. 426-429. 
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an approximate north-south trend. The western side is, for the most part, 
precipitous, but on the eastern side a series of spurs, with a southeast trend 
paralleling the major structural lines, drop more gradually to the gravel- 
covered plain. Puertecitos Creek, cutting its valley between two of these 
spurs, has produced a low pass at Puertecitos, separating Mariquita 
Mountain from the Elenita Mountain mass. The highest elevation is the 
summit of Elenita Mountain (8140 feet), and the average elevation of the 
alluvial plains on either side is 4500 feet, sloping upward with an approxi- 
mate two percent grade to elevations of about 5500 feet on the flanks of 
the range. 

Most of the drainage from the mountain range flows to the east. North 
of Cerro de Cobre, these streams flow into the San Pedro River, which 
enters the Gila-Colorado system in Arizona. South of Cerro de Cobre, the 
streams enter the Sonora River system. Some of the streams from the 
western side of the range also are tributary to the Sonora River, but others 
flow into Cocospera Creek and the Magdalena River. Most of the streams 
in the range proper have steep gradients, rapids, and narrow canyon-like 
valleys, and some of the resistant formations produce steep cliffs, but the 
major aspect of the physiography is that of mature dissection, with 
rounded peaks, ridges, and spurs. 

Although the intermontane alluvial fans and plains indicate a period of 
marked aggradation in the immediate geologic past, the major streams are 
now degrading. The San Pedro River has entrenched itself a hundred feet 
or more and is still cutting slowly downward. The tributaries of the 
Sonora and the Magdalena rivers are degrading much more rapidly, and 
are cutting into bed rock in most places, leaving the remnants of former 
gravel deposits as isolated patches on the valley sides several hundred feet 
above stream level. The more rapid cutting of the south-flowing streams 
has allowed the Sonora River to capture progressively the tributaries of 
the San Pedro, and to move the divide toward the north. The rejuvenation 
of stream erosion is probably caused by the normal headward cutting by 
the youthful rivers, but the process may have been aided by uplift or by a 
change of climate. 

An interesting feature of the gravel accumulations on the flanks of the 
Cananea Range is the series of layers firmly cemented by iron oxide. 
Similar conglomerate beds are now forming in a few places in the bottoms 
of some of the creeks flowing from the highly mineralized Cerro de Cobre 
region. Over much of the country to the east and south of Sonora Hill, 
also, cliffs of this conglomerate are found along the sides of most of the 
streams which are now incised into the less resistant underlying volcanic 
rocks. 
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GEOLOGIC HISTORY 
GENERAL STATEMENT 


The rocks of the Cananea Mountains fall into the following categories: 
(1) Paleozoic sediments; (2) volcanic flows, tuffs, and breccias, probably 
of Tertiary age; (3) several types of coarse-grained intrusive rocks, 
mostly later than the volcanics; (4) diabase dikes and quartz porphyry 
plugs, mostly later than the deep-seated intrusives. 


SEDIMENTARY ROCKS 


The sedimentary rocks are the Capote quartzite and the Puertecitos 
limestone. The only good section of both formations is in the Capote 
Basin horst, where the quartzite has a thickness of about 800 feet, and 
the limestone about 1500 feet (Sect. C-C, Pl. 1). In most other expo- 
sures the quartzite does not appear, although it is found on two ridges 
southwest of Henrietta and also as small inclusions, apparently floated 
blocks, in the Tinaja diorite stocks around Cananea townsite. The dis- 
tribution of surface exposures of the sediments, underground develop- 
ment, and alteration effects on volcanics, lead to the conclusion that 
these formations underlie the volcanics northwest, north, and east of 
Capote Basin, and perhaps to the south also. 

On the basis of lithologic similarity, early authors correlated these 
sediments with various Paleozoic formations in nearby ranges. Mitchell’s 
discovery * of a few fragmentary fossils established the age of the lime- 
stone as Carboniferous. As there seems to be no stratigraphic break 
in the series, the quartzite has been assigned to the same period. 

The basement rock on which these sediments were deposited was not 
seen. The exposures of sediments are bounded by faults, overlapping vol- 
canics, or post-voleanic intrusives. The Cananea granite, interpreted by 
Emmons * as the basement formation, has been assigned to the post- 
voleanic intrusives for the following reasons: 

(1) Although there is a marked tendency for the quartzite bedding 
to parallel the granite contact from Capote Pass to Kirk Peak, there 
are embayments into the quartzite, which cannot be explained without 
the assumption of faulting, of which there is no evidence. 

(2) Along this same contact there is at least one place where a granite 
dike intrudes the quartzite. 

(3) The granite is definitely intrusive into the Henrietta formation 
near the point where the sawmill road crosses Huajolote Creek. 

(4) The granite in the Capote and the Oversight mines is definitely 
intrusive into sediments and volcanics, and is so intimately associated 


5G. J. Mitchell: The geology of Sonora, Science, n. s., vol. 76 (1928) p. 373. 
*S. F. Emmons: Cananea mining district of Sonora, Mexico, Econ. Geol., vol. 5 (1910) p. 319. 
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with quartz porphyry and diabase as to suggest that these latter forma- 
tions were the residual concentrates from the magma which produced 
the granite. 

VOLCANIC ROCKS 

Emmons’ implies that the Henrietta diorite porphyry and the Elenita 
are partly intrusive and partly extrusive in character. The recent study 
has shown that both formations are wholly extrusive, and the intrusive 
rocks which were included with them are later. ‘The Mariquita forma- 
tion alone has demonstrable intrusive and extrusive facies. 

The volcanics are represented by the Elenita, the Henrietta, and the 
Mesa formations, in order of their distribution from southwest to north- 
east, and their relative geologic ages. All dip to the northeast or east, 
the Elenita at angles of about 60 degrees, the Henrietta about 30 degrees, 
and the Mesa about 15 degrees. Each is a complex of flows, tuffs, and 
agglomerates. Each has some predominant rock type, however, or a 
characteristic succession of members, which makes possible its identifica- 
tion even where highly altered and mineralized. 

The age of the volcanics is a matter of speculation. It is definitely 
post-Carboniferous, and is probably late Mesozoic or early Tertiary. 
The extent of erosion seems to preclude a later age. The span of time 
from the base of the Elenita to the top of the Mesa is also conjectural. 
Each is separated from the succeeding formation by a marked uncon- 
formity. The Mesa definitely overlaps the eroded Henrietta. The case 
for the Elenita is less definite, as the contact between it and the Hen- 
rietta is a fault. However, the Elenita shows greater deformation along 
this contact, and pebbles identified as Elenita are found in some of the 
Henrietta agglomerates. Hence, the Elenita is considered to be the oldest 
voleanic formation, even though it is never found between the Henrietta 
and the sediments. 

The volcanic formations are composed of material which is character- 
istic of volcanic rather than fissure eruptions. If the beds of the Mesa 
formation are projected to the west to complete the hypothetical sector 
of a volcanic cone, the center is found to lie to the west of the range 
proper, in a region now occupied by abyssal intrusives. The entire 
Cananea Range represents only a small sector of the cone. It is im- 
possible to determine whether the Henrietta and the Elenita beds would 
project to the same center, for they are much tilted by subsequent 
faulting. 

These three formations have been interpreted as successive eruptions 
from the same magmatic chamber through the same or different vents. 
The differences in chemical composition and physical character of the 


7 Op. cit., p. 324-328. 
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formations are considered to be indicative of corresponding changes in 
the magma. The Elenita formation is the most acid, trachyte and rhyo- 
lite being the most abundant types; the Henrietta is composed of dacites, 
latites, and some rhyolites and andesites; the Mesa consists chiefly of 
andesitic rocks, with a few layers of more siliceous varieties. Hence, 
there is a tendency toward progressive decrease in silica. The change 
in physical character is no less striking. In the Elenita formation, flows 
predominate, although there are several tuff and agglomerate beds; in 
the Henrietta formation the proportion of clastic beds increases, but 
flows still predominate; in the Mesa, clastic material is more abundant 
than flows. Thus, with increasingly basic composition, explosive ac- 
tivity increased, the reverse of what one might expect. 

The Mariquita diabase and andesite porphyry deserves special mention 
in connection with the volcanics. A tabular body lies between the Hen- 
rietta and the Mesa formations on the main spur southeast from Mari- 
quita Mountain. There are, also, several stocks along a northwest- 
southeast line to the south, and a few scattered dikes and plugs. Em- 
mons ® interpreted this formation as an intrusive. However, the tabular 
body between the Henrietta and the Mesa formations consists of an 
amygdaloidal flow agglomerate at the base, a more massive, coarser 
porphyritic central portion, and a flow agglomerate at the top. The basal 
agglomerate of the overlying Mesa formation contains many boulders 
of the Mariquita andesite porphyry (Sect. A-A, Pl. 1). Hence, the 
tabular portion appears to be a thick flow, extruded just before the erup- 
tion of the Mesa formation. The exposures farther east, entirely sur- 
rounded by Mesa tuff, represent the re-appearance of the flow, caused 
by local folding (Sect. D-D, Pl. 1). 


ABYSSAL INTRUSIVES 


The intrusive rocks include deep-seated or abyssal types, and near 
surface or porphyritic intrusives. The criteria for the separation are: 
the coarse, granular texture of the former and the porphyritic habit of 
the latter; the former are large irregular bodies, and the latter are usually 
smaller dikes and plugs whose disposition is controlled by structural 
weaknesses; most of the porphyritic intrusives are later than the grani- 
toid types. 

The deep-seated intrusives show considerable variation in composition, 
and the following formational units have been recognized: the Cuitaca 
granodiorite, El Torre syenite, the Tinaja diorite, and the Cananea 
granite. The Cuitaca granodiorite is a large batholithic body with a 
northwest-southeast major axis many miles in length. Only the south- 


8 Op. cit., p. 322. 
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eastern extremity lies in the area mapped. The other intrusives are 
found to the south and southeast. El Torre syenite is most like the 
Cuitaca, and probably represents a slightly differentiated facies. The 
Tinaja diorite and the Cananea granite, however, are quite different 
from the Cuitaca, the former more basic and the latter more acidic. 
They are interpreted as later differentiates from the same granodiorite 
magma. 

The exact sequence of the abyssal intrusives has not been determined. 
All are post-Henrietta. The eastern stocks of the Tinaja diorite cut 
the Mesa formation. The Cananea appears to intrude the Tinaja. The 
Cananea-Cuitaca contact north of Elenita is particularly unsatisfactory. 
It is sharp, but shows no re-entrants. Petrographic study of specimens 
from both sides of the contact has disclosed no positive clue to the 
relative ages of the two formations. The Cuitaca and the Tinaja are 
not in contact in the region, so their sequence can not be proven. How- 
ever, the intimate association of the Cananea granite with the later 
porphyry intrusives in the Capote Basin region is indirect evidence that 
it is the youngest. 

PORPHYRITIC INTRUSIVES 

The porphyritic intrusives include the Campana diabase and gabbro 
and the Colorada quartz porphyry. The diabase and gabbro are usually 
dikes, and the quartz porphyry more commonly occurs as irregular plugs, 
although in some places it also forms dikes. 

All the basic dikes later than the Mariquita formation have been 
assigned to the Campana formation, although they are not all contem- 
poraneous. Some intrude the volcanics but are, in turn, cut off by some 
of the abyssal intrusives, and, hence, may approximate the Mariquita 
in age, although differing in structure and mineralogy. Others cut the 
abyssal intrusives, but are earlier than the quartz porphyry. The latter 
include most of the dikes. Some basic dikes may be later than the quartz 
porphyry. 

Many of the diabase dikes have a northwest-southeast strike. They 
are present in many parts of the region, but are especially concentrated 
in a band from Capote Basin to Puertecitos. This band continues to 
the southeast, but has not been traced in this highly mineralized region. 
The wider gabbro dike along the Capote Pass fault has also been in- 
cluded with the smaller porphyritic dikes, because it has approximately 
the same composition and age. 

The Colorada quartz porphyry is usually found in small plugs with 
irregular outlines. Underground development has shown that this irreg- 
ularity is as marked vertically as it is horizontally. The increase in 
horizontal cross-section with increasing depth is often slight, many of 


a 
4 
| 
4 5 
‘ 
| 
i 
: 


62 W. G. VALENTINE—GEOLOGY OF THE CANANEA MOUNTAINS 


the plugs having an irregular cylindrical shape. In a few places, the 
quartz porphyry is found as dikes in north-south fractures. 

Most of the quartz porphyry plugs are distributed around the plunging 
southeastern nose of the Cananea granite. From Capote Basin to Sonora 
Hill, the smaller plugs show a remarkable alignment along the extension 
of the Rickett’s fault of the Capote Basin region, although no surface 
evidence of this fault is found in the volcanics. Elsewhere, the distribu- 
tion is more irregular. 

The quartz porphyry evidently was injected under great pressure, pro- 
duced chiefly by an abundance of gaseous mineralizers. Many of the 
intrusions are partially surrounded by breccia zones, in which angular 
fragments of the country rock, and sometimes quartz porphyry, are 
embedded either in fine clastic material or in a cementing medium, often 
composed of quartz and tourmaline. The presence of porphyry frag- 
ments in these breccia zones would indicate that the physical stress 
which caused the intrusion continued after the outer parts of the plugs 
had crystallized. Another indication of continued upward movement is 
marginal flow banding and streaking in some of the quartz porphyry 
intrusives. The mineralizers associated with the quartz porphyry caused 
the intense hydrothermal alteration of the surrounding country rock, 
and mineral-bearing gases and fluids closely following the intrusion of 
the quartz porphyry were responsible for most of the copper miner- 
alization. 

Age relations of the Colorada quartz porphyry are quite definite. The 
dike crossing Huajolote Creek intrudes the Henrietta formation, the 
Tinaja diorite, the Cananea granite, and the Campana gabbro. Although 
contacts between it and the Cuitaca granodiorite or El Torre syenite 
were not found, the quartz porphyry is unquestionably the latest impor- 
tant intrusive. 

STRUCTURAL FEATURES 
GENERAL STATEMENT 

The structural pattern of the Cananea area is complex. The major dis- 
locations were pre-intrusive or produced at the time of the abyssal intru- 
sions, thus allowing these formations to cut across and otherwise obliterate 
the old zones of weakness. There are few large post-intrusive faults. 


NORTHWEST-SOUTHEAST FAULTS 


The older, and more important, faults broke up the country into blocks, 
which have been elevated, depressed, and tilted with respect to one another. 
A northwest-southeast strike is characteristic of these faults, but they 
may be separated into two groups, one with strikes ranging from N 60° W 
to N 80° W, the other from N 40° W to N 50° W. The former group is 
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represented by the Elisa fault and monocline, the Capote Pass fault, and 
the Tinaja Creek fault. The first two form the sides of the Cananea 
granite—Capote Basin horst, and tend to converge toward the east. Con- 
siderable displacement occurred along each, in the interim between the 
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Ficure 1—Major structures 


This map shows the major faults of the district, projected as far as the surface and underground 
indications seem to justify, and also projected across intrusive bodies which are later than the fault 
movements. The more prominent zones of diabase dikes and quartz porphyry dikes (Q. P. dikes) have 
also been shown. 


deposition of the Henrietta formation and that of the Mesa formation. 
Along the Elisa fault the sediments were also bent sharply downward into 
a monoclinal flexure (Sect. C-C, Pl. 1), slightly overturned at some places. 
Slight post-voleanic movements along both faults were caused by a slight 
depression of the Capote Basin block. The Tinaja Creek fault separates 
the Elenita and the Henrietta formations. The greatest displacement 
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occurred during the volcanic history, probably between the deposition of 
the Henrietta and that of the Mesa. Here, also, the Elenita beds tend to 
bend sharply downward in a monoclinal flexure (Sect. X-X, Pl.1). Large 
segments of the fault have been obliterated by the intrusion of the Tinaja 
diorite and El Torre syenite, and at the western end it apparently swings 
sharply to the north and terminates against the Capote Pass fault. There 
has been no post-Tinaja movement along this line. 

The N 40°-50° W group consists of a greater number of short faults 
with smaller displacements. The Ricketts fault in Capote Basin is a good 
example. It seems to continue to the southeast as a buried structure, 
forming the control for some of the quartz porphyry intrusives. Similar 
fractures form the controls for the diabase dikes in Capote Basin and to 
the northwest. These structures show no measurable displacement in the 
Mesa or the Henrietta formations, so they may be older than the other 
group. This, however, is not true of a parallel structure between the 
Capote Pass fault and the Tinaja Creek fault, where the displacement 
involves the Henrietta and slightly offsets the Capote Pass fault. 


NORTH-SOUTH FAULTS 
Another set of fractures of a later date cuts across the northwest-south- 
east systems. Displacements are not great, and there is little system to 
upthrown and downthrown sides. They swing from strikes of about 
N 30° E in San Pedro Creek and Puertecitos Creek, to north-south in 
Capote Basin and the Cananea granite, to a direction slightly east of south 
in the Huajolote Creek area. The more prominent and continuous of 
these are occupied, in places, by dikes of quartz porphyry. In other places, 
they are filled with pebble-dike material, and sometimes sulphide minerali- 
zation, though seldom in commercial quantities. These fractures are 
numerous, and only the more prominent and continuous ones are shown 
in Figure 1. As they are often occupied by quartz porphyry, but not by 
diabase, they were probably formed just before, or at the time of, the 
intrusion of the quartz porphyry. 


COMPLEMENTARY FRACTURES 


In the mineralized country, and to less extent in all parts of the region, 
minor complementary fractures have developed. In many cases, they are 
merely strong joints. Their orientation is controlled by that of the major 
fractures, and the tendency is to develop a system of fractures and joints 
intersecting at angles of approximately sixty degrees. These minor frac- 
tures are in some cases contemporaneous with the formation of the major 
structures, and in others seem to be later and connected with minerali- 
zation. 
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PETROGRAPHY AND PETROLOGY 
GENERAL STATEMENT 


The lithologic variation of the various formations, as determined by a 
petrographic study of a great number of thin sections, is presented in 
summary form. The illustrations are drawings made by projecting the 
sections directly onto a piece of drawing paper. This procedure has the 
advantage of allowing certain features to be brought out more clearly 
than is possible in photomicrographs. Symbols have been used to show 
the appearance, between crossed nicols, of features such as banding in the 
plagioclases. The scale at the bottom of the drawings represents one 
millimeter, and the number is the catalogue number in the geological col- 
lection at Cananea. The location of specimens from the surface is often 
given in the coordinate system which forms the grid on the geological map. 


CAPOTE QUARTZITE 

The Capote quartzite (Fig. 2) shows a complete gradation from an 
arkose with conglomeratic lenticles at the base, through a sandy facies 
with prominent cross-bedding, into a fine-grained greenish-gray laminated 
siltstone or argillite at its contact with the limestone. This upper contact 
is not sharp, the lower members of the limestone being argillaceous and 
cherty, showing that the two formations represent an unbroken strati- 
graphic sequence. 

In the basal arkose, the component grains range from 1 to 3 millimeters 
in diameter. In the conglomerate lenses are pebbles, 2 and 3 centimeters 
in diameter. A grain size between half a millimeter and a millimeter is 
characteristic of the thick central portion. In the upper argillaceous beds, 
the grains are often as small as 0.1 to 0.2 millimeter. The rounding of 
grains is most complete in the central portion. In the arkosic beds, most 
of the mineral grains are subangular, but the pebbles of the conglomerate 
lenses are well rounded. In the upper fine-grained beds, all grains are 
angular. Quartz is the dominant mineral, but feldspar is prominent in the 
basal members, and is present in small quantities throughout the for- 
mation. 

Metamorphic changes which justify the name, quartzite, were caused 
by chemical rather than dynamic agencies. Most of the feldspar and the 
argillaceous matrix have been altered to sericite. In most cases, also, 
quartz has been added to the original grains in optical continuity. In 
those parts of the district where alteration and mineralization have been 
most intense, complete recrystallization has occurred, giving a mosaic of 
quartz with an occasional flake of sericite. 
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PUERTECITOS LIMESTONE 

The Puertecitos limestone is argillaceous, cherty, thin bedded, and vari- 
able near the base, but more heavily bedded and quite pure in the upper 
part. The formation seldom has the appearance, composition, or texture 
of a simple limestone. However, the term is more appropriate than any 
other. Analyses from the lime quarry show that some of it is a practically 


Ficure 2—Capote quartzite Ficure 3—Puertecitos limestone and 


2882. A fine-grained facies garnet rock 
Po’ ine, completely recry: ii to mosaic . 
interlocking quartz, destroying the original grain  _. No. 2535. A fine-grained marble or crystal- 
outlines. Argillaceous material has been segre- line limestone from the Elisa region, composed 
ted into sericite flakes. A reorganized original of granular interlocking calcite, with a few 
feldspar in appears in the lower part. dark patches representing argillaceous impurities. 
No. 2769. From the third level of the Over- _No. 1551. A ular te of andra- 
t Mine. Shows the well-rounded character dite, with a small amount of quartz. There is a 


of the quartz grains characteristic of much of | Prominent zonal structure in the crystals. It is 
the quartzite. Feldspar grains and the matrix distinctly anisotropic, and various sectors have 
material are altered to sericite and secondary ‘different optical orientations. 

ia there is little recrystallization of 

pure calcite rock, but other horizons and localities show more magnesia. 

The great variability in the composition of the limestone is caused not 
so much by original differences as by the kind and degree of metamorphism 
to which it has been subjected. One of the simpler effects is marmoriza- 
tion (Fig. 3, No. 2535). This has produced rocks varying from the finely 
granular crystalline limestones of the Capote Basin area to the coarse 
dolomitic marbles north of Elenita, in which individual grains may be 
half an inch in diameter. 

Another common metamorphic change in the limestone is garnetization 
(Fig. 3, No. 1551). Andradite is formed in most instances, probably by 
a reaction between the limestone and the hydrothermal solutions rich in 
silica and iron, rather than as the direct contact effects of any of the 
intrusive rocks. This is borne out by the prominence of this type of 
metamorphism in the Capote Basin region, where other formations show 
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abundant introduced quartz and disseminated pyrite. These garnetized 
limestones are massive granular aggregates of andradite, with a small 
amount of interstitial quartz, calcite, chlorite, and epidote. 

In the two western limestone regions, garnet is not abundant. Other 
silicates have been formed at, and near, the contacts with the abyssal 
intrusives. A common rock type south of Puertecitos is a light-buff, hard, 
dense hornstone, whose constituents are difficult to identify in thin section. 
Some coarser-grained varieties are composed of wollastonite embedded in 
quartz; others are a mixture of actinolite, tremolite, and epidote. Only 
near the pyritic mineralization of the Puertecitos and the Elenita workings 
is garnet abundant. 

ELENITA FORMATION 

General——The Elenita formation is composed of flows and volcanic 
clastics. The exposures on either side of the Tinaja diorite were assigned 
by Emmons ® to different formations, but the similarity of structure, rock 
types, and succession of members makes possible the almost exact cor- 
relation of layers on both sides of the break. The following rock types 
have been recognized: rhyolite, trachyte, andesite, spherulitic flows, flow 
agglomerate, tuff, and graywacke. 

Rhyolite flows—Rhyolites are fairly abundant in the upper part of the 
series near the Tinaja Creek fault (Sect. X-Xg, Pl. 1). Some are white 
to light buff in color, and consist of quartz phenocrysts in a dense matrix 
of orthoclase and quartz. Euhedral orthoclase phenocrysts, greatly out- 
numbering those of quartz, cause others to be pink. The matrix has an 
obscure flow structure, but is characterized by radial pseudo-spherulitic 
cryptographic intergrowths of orthoclase and quartz, extending out from 
the phenocrysts and other points as centers. These rhyolites contain little 
except quartz and orthoclase. Although flow structure is not as prominent 
in these rocks as in many of the other volcanics, and tuffaceous fragments 
are extremely rare, their interbedding with unquestionable extrusives indi- 
cates that they, also, are extrusive in origin. 

Trachyte flows——The central and lower part of the Elenita formation 
is composed largely of pink and purple trachytes (Sect. XXa, c, and f, 
Pl. 1). They contain scattered euhedral crystals, usually orthoclase, in 
a dense matrix. In contrast to the rhyolites, flow structure is prominent. 
Some of the trachytes are nearly pure finely granular orthoclase rocks 
which shows streaking but no trachytic structure. In others, tabular 
feldspars produce definite trachytic structure. 

Andesite flows——Only one thin flow is definitely basic in composition, 
although some of the trachytes approach andesites in composition. This 
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flow (Sect. X-Xe, Pl. 1) rests on a layer of sandstone or graywacke, which 
probably represents an intermission in the extrusive activity. It is a 
pyroxene andesite, with a few small phenocrysts in a fine-grained matrix 
with good flow structure (Fig. 4). 


Spherulitic flows —South of Elenita Mountain are a few thin flows which 
show a remarkable development of spherulites. Orthoclase and a small 


Ficure 4—Elenita andesite Ficure 5—Elenita flow agglomerate 


No. 3931. From —17200 N, —1800 E. The No. 3988. From —308 N, —12140 E. Com- 


andesite bed shown in Section X-Xe of Plate 1. 
This rock has a few small phenocrysts of labra- 
dorite and augite, in a matrix of plagioclase, 
hornblende, mica, and other minerals. Mag- 
netite is abundant as an accessory. This is not 
a sill, but is a simple volcanic flow. 


posed of fragments of rhyolite, trachyte, trachy- 
andesite, feldspar, and quartz, the smaller of 
which are quite angular. Larger fragments in 
the rock, not shown in this drawing, are more 
perfectly rounded. The matrix is composed of 
smaller fragments, and flow material 


assy 
which seems to be rhyolitic in composition. 


amount of quartz are the only recognizable minerals, the matrix being 
dense and sometimes glassy. The spherulites are radial aggregates of 
feldspar not definitely crystallized as distinct grains. In composition, 
they are closely related to the trachytes. 


Flow agglomerates.—A rather thick flow agglomerate is found near the 
top of the series (Sect. X-Xh, Pl. 1). Fragments, up to several inches in 
diameter, are embedded in a partially glassy rhyolitic matrix which has 
good flow structure. The larger fragments are well rounded, but the finer 
clastic material is quite angular. Practically every variety of rock found 
lower down in the formation is represented in these fragments (Fig. 5). 
It may be interpreted either as a flow extruded during violent explosive 
activity, into which the fragments were dropped, or as a particularly 
viscous rhyolite which flowed over a talus accumulation, which it picked 
up and incorporated. The latter alternative better explains the wide 
variety of material represented. 
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Tuffs—Simple tuffs are not abundant in the Elenita formation, but a 
few beds are found on the southwest slope of Elenita Mountain. Angular 
fragments of volcanic rocks and minerals are embedded in a fine clastic 
matrix. Bedding is poorly developed (Fig. 6). The Emmons ’® survey 
mapped these tuffs as belonging to the Mesa formation, but they are 
interbedded with the other members of the Elenita formation. 


Ficure 6.—Elenita tuff 


No. 4074. From —500 N, —15340 E. A fine- 
textured tuff, with a dense reorganized clastic 
matrix. The fragments are composed of flow 


Ficure 7—Elenita graywacke 


No. 3936. From the bed in Section X-Xb of 
Plate 1. This rock in the field has cross-bedding 
of the delta type; in thin section, the bedding 
is vaguely discernible, as bands with different 


rocks oe those with which the tuff beds are 


associated. 

No. 2735. Composed chiefly of mineral frag- 
ments which show some signs of wear. The 
bedding is not sufficiently distinct to indicate 
that it was waterlain, but in other respects it 
closely resembles the sandstones or graywackes. 


textures. Well-rounded quartz and _ feldspar 
fragments predominate, but there are also many 
volcanic rock fragments. The mi matrix 
also has bedded structure. 


Sandstones or graywackes—Among the most interesting members of 
the Elenita formation are a number of well-stratified sandstone beds (Sect. 
X-Xb and d, Pl.1). Their structure is that of a water-deposited sediment 
with delta cross-bedding. Grains of quartz, feldspar, and volcanic rocks 
are embedded in a fine argillaceous matrix, now recrystallized to chloritic 
and micaceous minerals (Fig. 7). These beds must have been deposited 
essentially horizontal, and their present inclination of about sixty degrees 
must be due to deformation. They probably represent delta deposits in 
lake basins. 

The total thickness of the Elenita formation has not been accurately 
determined. Section X-X of Plate 1 shows a section across about 6000 
feet. The formation does not extend much farther to the southwest before 
it is cut off by the Tinaja diorite intrusive. However, if the correlation 


10§. F. Emmons: Cananea mining district of Sonora, Mezico, Econ. Geol., vol. 5 (1910) p. 323. 
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of beds westward across the intrusive gap is correct, there is at least 
another thousand feet above the flow agglomerate, which is here in contact 
with the Henrietta formation. 
HENRIETTA FORMATION 
General.—This volcanic formation occupies considerable area on both 
sides of Capote Basin and the Cananea granite. The northern region 


Ficure 9—Henrietta fine-grained tuff or 
volcanic ash 


Ficure 8—Henrietta dacite and latite 
No. 2585. Henrietta dacite from 7130 N, 


—9670 E. This dark gray-green porphyritic rock 
is composed of andesine, hornblende, and ortho- 
clase phenocrysts, in a granular matrix of ortho- 
clase and quartz. Magnetite, apatite, and zircon 
are present as accessories, and there are a few 
glass shards. Many of the phenocrysts have 
Jagged outlines, and are aligned, to some extent, 
parallel to a vague flow structure in the matrix. 

No. 2618. Henrietta quartz latite from 4480 
N, —4540 E. This rock has a finer texture than 


No. 3717. From 13340 N, —8990 E. All the 
fragments large enough to ‘identify are mineral 
grains, quartz and feldspar being the most 
abundant. The originally clastic matrix has been 
altered to an aggregate of mica and chlorite. A 
veinlet of epidote traverses the field. 

No. 3727. From 14510 N, —9610 E. One of 
the few specimens of this type of rock, having 
definite bedding, which is apparent in the thin 


section, both as bands of different grain size 
and composition, and in the orientation of elon- 
gate mineral fragments. 


No. 2585, and a prominent flow structure. Biotite, 
the only ferromagnesian, is rather scarce. There 
are phenocrysts of oligoclase-andesine, ortho- 
clase, and quartz, and a great number of glass 
shards. The granular patches consist of epidote, 
which is a common alteration product. 

has been studied in much more detail than the southern, and will be 
used as the type region. The formation may be subdivided into three 
major units: (1) a basal series of dacite and latite flows, agglomerates, 
and fine tuffs; (2) the thick Elisa rhyolite flow; and (3) an upper series 


of trachyandesitic flows, flow breccias, and tufts. 


Dacite and latite flows—The gray to dark-green flow rocks, which 
make up the greater part of the lower Henrietta series, are composed 
of feldspar, hornblende, and occasional quartz phenocrysts, in a dense 
granular matrix of orthoclase and quartz (Fig. 8). The phenocrysts are 
often angular, as if broken, and are parallel to a flow structure which 
is indistinctly developed in the matrix. Glass shards are common. Lithic 
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tuffaceous fragments are sometimes found and may be so abundant that 
the beds are classified as flow agglomerates. The fragments are com- 
parable in size to the phenocrysts, and were probably blown out of the 
crater as the flows were being extruded. 


Fine-grained tuffs—Fine tuffs or volcanic ashes are distinctive of the 
Henrietta formation. They are dark-gray, dense, massive rocks, which 


Ficure 11—Henrietta latite and augite 
andesite 


No. 1730. From —18100 N, 5800 E. Latite, 


Fiaure 10—Dense Elisa rhyolite 


No. 3726. From 14210 N, —9730 E. This rock, 
which comes from near the top of the Elisa rhyo- 


pod flow, ig not typical. It contains irregularly 

aped phenocrysts or orthoclase, oligoclase, and 
pens Me but none of quartz. The great num- 
ber of volcanic glass shards and tuffaceous frag- 


composed largely of andesine, oligoclase, and 
orthoclase. Even the fine matrix is made up 
chiefly of small orthoclase and plagioclase penal m4 
Flow structure is well developed. 


ments prove its extrusive origin. No. 1729. From —16800 N, 5100 E. Pheno- 


—— of augite, hornblende, and andesine are 
in a fine-t matrix of the same 

mica, and chlorite. The large 
can be separated megascopically from basalts only by their more vitre- 
ous luster on fresh surfaces and because they bleach on exposure. They 
seldom show distinct bedding in the field or in thin section. They are 
composed of minute angular grains of quartz and feldspar in a dense 
matrix of mica and chlorite (Fig. 9). Lithic fragments are rare, and 
glass shards have not been noted. The method of accumulation of such 


material is not thoroughly understood. 


Agglomerates.—Several lenses of agglomerate are interbedded with the 
fine-grained tuffs. One thick layer (Sect. B-Bd, Pl. 1) has been traced 
for more than a mile along the strike. They are composed of partially 
rounded fragments of the latite and dacite flow rocks, ranging in size 
up to about three inches in diameter. The interstices between these 
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larger fragments are filled with smaller lithic and mineral fragments, 
but no flow material as in the Elenita agglomerates. 


Elisa rhyolite—The broad band of porphyritic rock, extending north- 
west from Teocalli to the Cuitaca granodiorite contact, presented one 
of the major problems in the interpretation of the geology of the Cananea 
district. On casual inspection, it seems to be identical in composition 


Ficure 12.—Elisa rhyolite 


No. 2720. From —1625 N, —550 E. This 
rhyolite has a few euhedral or partially resorbed 
quartz phenocrysts, and a large number of 
smaller quartz and feldspar grains with irregular 
outlines. These are embedded in a dense, partly 
eg matrix, which has prominent flow streak- 


"Ke: 2695. From the same region as 2720. 
There are a great number of euhedral quartz 
phenocrysts, and also several smaller angular 


Ficurs 13.—Henrietta tuff or flow 
agglomerate 


No. 1809. From the Colorada Mine. This 


quartz, and pyrite, yet outline of 
fragments can still be detected by patchy varia- 
tions of texture and composition. The original 
composition cannot be accurately determined, be- 
cause of the intense alteration. 


mineral grains. The dense, patchy matrix is 
finely crystalline. Radial growths of the matrix 
feldspar and quartz use the phenocrysts as cen- 
ters. Although the matrix is massive, this rock 
is a volcanic rather than an intrusive. 


and texture to the Colorada quartz porphyry, and was so designated 
by Emmons.": At Henrietta, the ore bodies are associated with an acid 
porphyritic rock in much the same manner as other ore bodies in the 
district are associated with the quartz porphyry. However, it ends ab- 
ruptly against the Cuitaca granodiorite, which seems to intrude it, and 
is traversed by several diabase dikes. These age relations do not check 
with those of the quartz porphyry in other parts of the region. 

This band of acid rock is a thick porphyritic rhyolite flow, conform- 
able with the Henrietta beds, into which have been intruded several plugs 
of the Colorada quartz porphyry. It is a light buff or white rock, com- 
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posed of phenocrysts of quartz, orthoclase, oligoclase, and occasionally 
biotite, in a dense granular interlocking matrix (Fig. 10) similar to that 
of the Henrietta dacites and latites. The phenocrysts are often angular 
and jagged, rather than euhedral crystals. Flow structure is found in 
most specimens, and tuffaceous fragments and glass shards are common. 


Trachyandesites and tuffs——The upper members of the formation are 
more basic and feldspathic. Granular lithic tuffs and flow agglomerates, 
in which the fragments and the matrix are composed of trachytic and 
andesitic materials, are prominent. 

In the region south of Capote Basin and the Cananea granite, the 
same general sequence of members is found, with some differences. The 
lower part of the series is not as thick, or downfaulting against the 
Elenita cuts out some of the lower beds. The rhyolite is confined to 
a few discontinuous lenticles between the Henrietta-Campana gabbro 
contact and Huajolote Creek (Fig. 12). The part corresponding to the 
trachyandesites and tuffs above the Elisa rhyolite is much thicker than 
in the northern region. This last group consists of latite and andesite . 
flows (Fig. 11), lithic tuffs, agglomerates, and some beds of the fine- 
grained tuff or ash so characteristic of the Henrietta formation in the 
northern region. It is difficult to determine the original character of 
many of the Henrietta beds in Cerro de Cobre, because of the intensity 
of alteration. In the Colorada Mine, andesitic flows predominate in 
the lower levels, and the overlying members are more siliceous (Fig. 13). 

Section B-B of Plate 1, across the Henrietta, represents a thickness 
of about 5500 feet. This does not include a few beds at the base, which 
crop out farther west, along its contact with the Cananea granite. The 
upper part of the series is incomplete, due to erosion. Some of these 
missing members are represented in Cerro de Cobre, but the structure 
has not been worked out sufficiently to make a definite estimate. The 
entire formation probably is comparable in thickness to the Elenita for- 
mation. All the members of the Henrietta formation are volcanic in 
character. 

MARIQUITA DIABASE AND ANDESITE PORPHYRY 

The Mariquita formation, which was erupted during a period of general 
volcanic quiescence between the time of formation of the Henrietta and 
that of the Mesa volcanics, is variable in texture and structure, but 
rather constant in composition. The name, diabase, is not applicable 
to all the intrusive facies, because, in many of the stock-like bodies, 
it is composed of simple interlocking anhedral to subhedral grains. 
They are basic diorites in composition, consisting of calcic andesine, 
hornblende, and magnetite (Fig. 14). In some of the stocks in the 
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Puertecitos Creek region, the rock develops a porphyritic habit, but most 
of them are equigranular. 

The smaller dikes and stocks, sparingly distributed in the vicinity of 
Elenita Mountain and at other localities, have a distinctly porphyritic 
character. They are composed of euhedral labradorite phenocrysts in 


Ficure 14—Mariquita diabase or basic Ficure 15.—Porphyritic Mariquita 
diorite diabase 

No. 2424. From 7450 N, —15000 E. This 
No. 195. From an intrusive stock on the wes- specimen comes from a small dike intruding lime- 
tern flank of Mariquita Mountain. It shows the stone. The composition of the intrusive at this 
coarsely granitoid interlocking habit of most of place has been noticeably affected by incorpora- 
these intrusive bodies. The chief constituents are tion of some of the limestone. At top and bot- 
labradorite, hornblende, and magnetite. tom of the draw are labradorite phenocrysts, 
which throughout the dike show a general orien- 

tation parallel to the walls. The interstitial ma- 
terial is a slightly more sodic plagioclase and 

diopside, and has a modified diabasic structure. 


a finely granitoid matrix of andesine and ferromagnesians (Fig. 15). The 
matrix often has a modified diabasic structure. 

The flow portion of the formation, which extends as a band from 
Teocalli to Mariquita Mountain, seems to have been formed by a single 
eruption, for the central portion is uniform in structure, and only the 
two margins show the effects of contact with other rocks or the air. As 
in places it is 700 to 800 feet thick, the central portion cooled slowly 
enough for the rock to become entirely crystalline (Fig. 16). Near the 
base, amydaloidal structure is common, the vesicles being filled with 
epidote and orthoclase (Fig. 17). In the upper portions, amygdaloidal 
fillings are also found, the texture is much finer, and large quantities 
of dusty hematite are contained in the dense matrix. 


MESA FORMATION 


General.—The Mesa formation occupies most of the eastern third of 
the area mapped, overlying the Mariquita and the Henrietta. It is 
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unconformable to the latter, the divergence in dip increasing near the 
Elisa fault. It is composed mostly of bedded tuffs and agglomerates, 
but near the base are several interbedded lenticular flows and at a higher 
horizon is a thick flow, called the San Pedro andesite. Section E-E of 
Plate 1 shows a thickness of 5000 feet, but the total thickness of the 


Ficure 16.—Mariquita andesite porphyry Ficure 17—Amygdaloidal Mariquita 
ndesit 
is com) of andesine phenocrysts with g 
in a ular interlocking matrix of plagioclase, of the baad'el the flow. Th e gdules are filled 


hornblende, and orthoclase. The plagioclase 
4 : : ith and or The andesine 
phenocrysts are aligned parallel to the dip of ™ P : 
the formation, but the matrix is massive. Epidote wy ny 
and chlorite occur as alteration products. e flow structure of the matrix. The fine-tex 
tured matrix is composed largely of biotite and 


chlorite, some small plagioclase laths, and a 
small amount of quarts. 
formation is greater, because it extends an unknown distance beyond the 
end of the section, beneath Recent gravels. 

The clastic character of the Mesa formation is clearly shown in the 
field. The principal problem in connection with this formation was the 
exact delineation of its contact with the Henrietta on Cerro de Cobre. 
On the northern and the southern flanks of the mountain, the basal layer 
of the Mesa is a coarse agglomerate, the original structure of which was 
not eutirely obliterated by alteration. It was traced continuously from 
one side of the mountain to the other, and the contact was definitely 
located. 

Tuffs and agglomerates——The component fragments of the clastic vol- 
canics range in size from sand and dust to boulders several feet in diam- 
eter. There is a general progressive decrease in size of fragments toward 
the top of the formation, but beds of coarse and fine texture alternate 
throughout. Bedding is distinct in most of the layers, although somewhat 
jumbled in the coarser material. All kinds of voleanic rocks are found 
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as fragments, but andesites and trachytes predominate. Mineral frag- 
ments are much less abundant than in the tuffaceous layers of the Hen- 
rietta or the Elenita formation. 


Basal flows——Many lenticular flows are found near the base of the 
formation. They are particularly abundant in the lower levels of the 
Duluth Mine. Most of these flows are andesites and trachytes, with 


Ficure 18.—Cuitaca granodiorite 
No. 3738. From 13520 N, —17840 E. 


Ficure 19.—Porphyritic Cuitaca soda 
It is granite 
composed of oligoclase-andesine, orthoclase, 


quartz, and hornblende. Many of the larger No. 3683. From 9012 N, —15735 E. This is 


plagioclase grains are nearly euhedral, and have 
zonal growths. Usually this zoning is a progres- 
sive change in composition with a more sodic 
margin, but in some cases there are alternations 
of brands of different composition. Ferromag- 
nesians are not abundant, and the rock does not 
differ greatly from a granite. 


one of the marginal differentiates of the Cuitaca 
formation. The phenocrysts are a and 
orthoclase, the former being rather thoroughly 
altered to sericite and kaolin. The finer inter- 
stitial material is largely orthoclase and quartz. 
The orthoclase phenocryst shown in the drawing 
has graphic inclusions of quartz. 


a composition similar to that of the more abundant fragments in the 
tuffs. There are also occasional rhyolite flows. Although numerous, 
these flows constitute only a small proportion of the total thickness of 
the Mesa formation. 


San Pedro andesite——The San Pedro andesite member of the Mesa 
formation is found near the eastern edge of the area mapped. Its thick- 
ness is considerable, but it appears to be composed of several distinct 
flows, sometimes interspersed with clastic material. Some layers are 
extremely dense, being composed chiefly of small plagioclase laths in 
a pasty matrix stained with hematite. Other layers are coarser in texture 
and contain many euhedral plagioclase phenocrysts. Ferromagnesian 
minerals are scarce, and the porphyritic varieties grade into latites, with 
a matrix consisting largely of orthoclase and quartz. . 
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CUITACA GRANODIORITE 

With the exception of the contact zones, the batholithic Cuitaca grano- 
diorite is rather uniform in appearance. It is a medium to coarse, pink 
or light-gray granitoid rock. In many places, there are small orbicular 
concentrations of hornblende and biotite. These may have been pro- 
duced by magmatic segregation, but in some instances they appear to 


Ficure 20—EI Torre quartz syenite Ficure 21—Campana gabbro 


No. 32. From the Sawmill Road at Tinaja No. 4018. From —720 N, —5730 E. It is 

. This is typical of the formation. Oligo- composed of sodic andesine, an altered ferromag- 

clase and orthoclase are the most abundant min- _nesian which was probably a pyroxene, ortho- 
erals, but there is also considerable hornblende clase, magnetite, hornblende, and epidote. The 
and quartz, and some perthite, microcline, mag- original pyroxene has been entirely replaced by 
netite, and apatite. An irregular veinlet of epi- uralite. The plagioclase is quite dark, even in 
dote cuts across the field. thin section, because of a great number of mi- 
nute oriented inclusions. The orthoclase has the 

patchy appearance characteristic of those va- 

rieties which contain a large amount of soda. 


Patches of epidote, probably of h thermal 
origin, are scattered ements the a 


be nearly digested remnants of xenoliths. The normal rock is composed 
of plagioclase, orthoclase, quartz, and a small amount of ferromagnesians 
and accessories (Fig. 18). The plagioclase varies from oligoclase to 
andesine, and often shows zonal growths. The most common ferromag- 
nesian is hornblende, with smaller amounts of biotite. 

Near the contact with other formations the texture changes slightly, 
and usually there is a noticeable change in composition (Fig. 19). In 
general, the rock becomes much darker, because of the greater abundance 
of ferromagnesians, and the presence of more calcic plagioclase. This 
endomorphic effect is most noticeable along the limestone contact near 
Puertecitos. The marginal zone is also characterized by numerous aplitic 
and porphyritic dikes, which merge with the granitoid type at a distance 
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from the contact, and often extend beyond the contact into the sediments 
and volcanics. 
EL TORRE SYENITE 
This rock is finer textured than the Cuitaca granodiorite, and is pinkish 
gray (Fig. 20). It consists chiefly of feldspar and hornblende, with some 
biotite, quartz, and accessories. Quartz is prominent enough at times so 


\ 


Figure 22—Monzonitic Tinaja diorite Fiaure 23—Porphyritic Tinaja diorite 

No. 3961. From —11180 N, —2530 E. It con- No. 3794. From —1400 N, 14660 E. It is 
sists of andesine, orthoclase, hornblende, and composed of phenocrysts of hornblende, “ee. 
quartz, The texture is variable, the rock ap- and andesine, in a matrix which contains these 
pearing somewhat porphyritic in the hand speci- minerals in addition to orthoclase, quartz, an 
men. biotite. Magnetite is the principal accessory. 
that the name granite may be applied. The common plagioclase is oligo- 
clase, and the alkali feldspars are orthoclase, microcline, and perthite. 
The marginal zone has a finer texture than the average, and there 
are a few aplitic and porphyritic apophyses. The porphyritic type con- 
tains phenocrysts of perthite and oligoclase in a matrix of orthoclase and 
quartz. 

TINAJA DIORITE 


The Tinaja diorite (Figs. 22, 23) has not previously been considered 
a distinct formational unit. Emmons’? included it in the Henrietta 
formation, notwithstanding the intrusive contact between diorite and 
voleanics in the Huajolote Creek valley. The main exposure of the 
Tinaja diorite is in the southwestern part of the district, but it is also 
found as scattered stocks in the vicinity of the Duluth Mine and the town 
site of Cananea. Most of the intrusions have extremely jagged bound- 
aries, indicating an active magma which accomplished a great amount of 


1428. F. Emmons: Cananea mining district of Sonora, Mezico, Econ. Geol., vol. 5 (1910) p. 326. 
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encroachment on the surrounding formations. They also show consid- 
erable variations in composition, ranging from gabbro and anorthosite 
to monzonite, and occasionally granite. Usually the differentiated facies 
merely grade into one another, but, in some cases, dikes of an acid facies 
intrude the more basic parts. The granite differentiates are usually per- 
ipheral apophyses. Their contacts with the diorite are often distinct 
enough to be mapped, but in many instances they gradate into monzo- 
nitic facies of the diorite. Some of the more definite of these granite 
differentiates around the large intrusive body have been mapped as 
Cananea granite, which they most nearly resemble. 

The normal diorite is a gray-green massive rock with a medium grani- 
toid texture. It is composed of andesine and hornblende, with smaller 
quantities of orthoclase, quartz, magnetite, apatite, and titanite. Near 
the contact, the texture is finer, and the structure in some cases is dia- 
basic. 

The monozonitic differentiates are pinkish, because they contain more 
orthoclase than the diorite (Fig. 22). They contain more quartz, and 
biotite commonly accompanies the hornblende. Their texture varies 
greatly, many being serial porphyritic. 

The basic differentiates are dark gray or gray-green. Augite has been 
found in some which approach the composition of gabbro. A more com- 
mon variety, however, is composed largely of dark-colored labradorite, 
and would be classified as anorthosite. The stock in Huajolote Creek 
above the Sawmill Road consists of oligoclase-andesine, hornblende, and 
an altered ferromagnesian assumed to have been augite. 

In the Duluth-Cananea region, the rock averages finer texture than in 
the Tinaja Creek region, and porphyritic varieties are more often devel- 
oped. The variations in composition are about the same as in the western 
region, but monozonites are more common (Fig. 23). 


CANANEA GRANITE 

The Cananea granite is exposed in two elongate bodies which are 
bounded by faults, along which there have been important post-Henrietta 
movements. The granite differs in many ways from the other abyssal 
intrusives. The magma seems to have been more viscous, possibly because 
of lower temperatures at the time of intrusion, or because of its siliceous 
composition. The basis for this conclusion is the simple contact between 
the granite and other formations, whether the boundary is a fault or not. 
Granite dikes extending into other formations are rare, but the few which 
have been found prove that it is intrusive and not the basement formation 
on which the sediments were deposited. Occasionally the aplite dikes, 
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derived from the Cananea granite magma, extend beyond the granite into 
other formations. 

The granite is massive, but has a rather prominent flat-sheeted struc- 
ture, which may have been caused by the stresses set up at the time of 
intrusion. There are two facies of the intrusive. One is a coarsely 
granitoid to pegmatitic rock composed of orthoclase, oligoclase, quartz, 
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Ficure 24.—Cananea granite Ficure 25—Cananea feldspathic aplite 


tote, granite are finer in texture, and contain both 
there are larger feldspar crystals. 

No. 3023. From 270 N, —5000 E. Part of 
a round quartz phenocryst is shown at the upper 
portion of the drawing, the remainder being an 
interlocking aggregate of orthoclase and quartz. 
There are occasional microcline and oligoclase 
grains in this matrix, although none shows in 
this field. 
and smaller amounts of hornblende, magnetite, and apatite (Fig. 24, No. 
3026). The minor constituents often are concentrated into definite finer- 
grained patches. Feldspar crystals are often an inch, or more, in diameter. 
The other facies, which is more abundant, has a granophyric habit. The 
phenocrysts are grains of quartz, which appear to have been rounded by 
resorption, and the microgranitoid matrix is composed of orthoclase, 
microcline, quartz, and oligoclase (Fig. 24, No. 3023). Small amounts of 
biotite, hornblende, muscovite, zircon, and magnetite occur in the por- 
phyritic granite, but usually it is a simple feldspar-quartz rock. Inter- 
mediate between the pegmatitic and the porphyritic facies is a doubly 
porphyritic type, in which large euhedral orthoclase crystals are embedded 
in the finer-textured porphyritic granite. 

Irregular segregations and dikes of white or light-buff aplite are dis- 


tributed in the Cananea granite (Fig. 25). They are usually dense, and 
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consist of orthoclase and quartz, or orthoclase alone. Occasionally, they 
are along the contact between the granite and the volcanics, where they 
show much clearer intrusive relations than the granite. 


CAMPANA DIABASE AND GABBRO 


Diabase dikes are fairly abundant both in a northwest-southeast band 
from Puertecitos to Cerro de Cobre, and along the Cuitaca granodiorite 
contact, where some of the largest known diabase dikes are found. They 
are also irregularly distributed elsewhere. More detailed mapping of the 
outlying portions would probably disclose many more. Most of them are 
steeply dipping tabular intrusives, less than twenty feet in width. Their 
uniformity of strike and dip indicate that they occupy fractures or strong 
joints, along which, however, little or no displacement has occurred. The 
prominent band from Capote Basin to Puertecitos, dipping to the south- 
west, strongly suggests that they are basic segregations from the Cananea 
granite magma. 

The name, diabase, is applicable to only a few of these dikes, many of 
them being lamprophyres or porphyrites. Most of them seem to have 
had plagioclase, and sometimes ferromagnesian, crystals in suspension 
when intruded. In the smaller dikes, these crystals are preserved, and are 
found embedded in a finer matrix of plagioclase, pyroxene, hornblende, 
biotite, and small amounts of orthoclase and quartz. In the larger dikes, 
which doubtless crystallized much more slowly, these intratelluric pheno- 
crysts have reacted with the melt, and have been partially or wholly 
resorbed, so that the tex.ure is uniform throughout, and the structure is 
often diabasic. In many of the dikes, the marginal portions are much 
finer, and show a fluxion arrangement of the plagioclase laths. 

The coarse-textured gabbro dike, which was intruded along the line of 
the Capote Pass fault at about the same time as the diabase dikes in 
Capote Basin, is a nearly black massive rock. The dark color is caused 
more by the large quantity of magnetite, and the presence of minute 
oriented inclusions in the plagioclase, than by the large quantity of 
ferromagnesian minerals (Fig. 21). It contains considerable orthoclase, 
and the plagioclase is more sodic than would be expected in a true gabbro. 

Not all the basic dikes were intruded simultaneously. Most of them are 
later than the Cananea granite, and earlier than the Colorada quartz 
porphyry. However, a basic dike, near the Duluth ore body, may be post- 
mineral. The dike is narrow, and the texture finely porphyritic. It con- ~ 

sists of phenocrysts of olivine and augite, in a finely crystalline matrix 
of augite, labradorite, and hornblende. Its composition is much more basic 
than that of the diabase dikes, and it is classified as an olivine basalt 
porphyry. Throughout the dike are a great number of small vesicular 
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cavities, partially or wholly filled with carbonate and zeolites. These 
vesicles are often partially surrounded by serpentine, and the same variety 
of serpentine is also found as alteration aggregates in the olivine. 
COLORADA QUARTZ PORPHYRY 
With the exception of the post-mineral basic dikes, the Colorada quartz 
porphyry is the latest intrusive. Its characteristic form is small stocks or 


Ficure 26—Colorada quartz porphyry §Ficure 27—Colorada quartz monzonite 


the llth of the Colo- rphyry 

feldspar pheno- 3317. From a drill hole near Sonora Hill, 

erals. Most of the feldspar is partially altered  %t ® depth of 1457 feet. It has large phenocrysts 

to sericite, and the phenocryst is so extensively of oligoclase-andesine, and smaller phenocrysts 

end the opeq but there is also some biotite, apatite, magnetite. 


grains are chalcopyrite. 

No. 2784. From the 10th level of the Colo- 
rada Mine. This specimen was far enough from 
the ore body so that alteration was not intense. 
Parts of an orthoclase and quartz phenocryst, 
and smaller orthoclase phenocryst, in a fine 
granular matrix of orthoclase and quartz are 
shown. The opaque grains are pyrite. 


and alteration aggregates of biotite and chlorite 
after some other ferromagnesian. 

No. 3305. From the same drill hole at a depth 
of 1297 feet. The largest phenocrysts are plagio- 
clases which are altered to such an extent that 
exact identification is impossible. These pheno- 
crysts have dark margins which appear to have 


been produced by their partial corrosion by the 

. Smaller phenocrysts of quartz and 
crtbedions also are embedded in the granular 
matrix of orthoclase and quartz. There is a 
small amount of biotite, and some muscovite or 
sericite flakes around the pyrite grains. 


plugs, extremely irregular in outline and often surrounded by breccia 
zones, which indicate the pressures under which it was injected. 

The porphyry plug within which the Colorada ore body is located has 
been chosen as the type locality. There are considerable variations of 
texture and mineralogy within this plug, but the original minerals usually 
consist of quartz and alkali feldspar phenocrysts, in a granular interlock- 
ing matrix of the same minerals (Fig. 26). The phenocrysts usually are 
not more than two or three millimeters in diameter, and the matrix grains 
from one- to two-tenths of a millimeter. Occasionally, original biotite 
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has been found, but it is scarce. Zircon is the common accessory. The 
feldspar phenocrysts are usually orthoclase, but it is possible that some of 
the altered phenocrysts may have been sodic plagioclase. 

In the double belt of small porphyry plugs from Capote Basin to Sonora 
Hill, certain regional changes in mineralogy have been noted. Whereas 
most of the porphyry plugs in the central part of this belt contain promi- 
nent quartz phenocrysts, those near the two extremities usually have few 
phenocrysts of quartz. Those near Sonora Hill (Fig. 27) show more 
clearly the change in mineralogy, for they are less altered than those in 
Capote Basin. In these rocks, the prominent phenocrysts are feldspars. 
Both orthoclase and oligoclase are found, but the plagioclase usually pre- 
dominates. Quartz phenocrysts are infrequent and small. There are also 
phenocrysts of biotite, and some biotite is distributed through the granular 
orthoclase-quartz matrix, which is otherwise identical with the matrix of 
the porphyry from the Colorada plug. A small dike in Capote Basin is 
still more basic, containing zoned andesine, hornblende, and biotite pheno- 
crysts in a finely granular orthoclase-quartz matrix. 

Some of these acid porphyry plugs have much finer texture than the 
average. In some instances, the matrix seems to have been originally 
glassy, and has devitrified at a later date. All the small plugs north of 


Teocalli have this appearance. 


METAMORPHISM, ALTERATION, AND MINERALIZATION 
GENERAL STATEMENT 


The secondary minerals which have been developed in the rocks of the 
Cananea district may usually be ascribed to one of the following processes: 
(1) deuteric magmatic attack on minerals previously crystallized; (2) 
reactions between intrusives and the rocks which they intrude; (8) hydro- 
thermal attack by the solutions which were responsible for the sulphide 
mineralization; and (4) weathering by surface solution. 


DEUTERIC EFFECTS 


In the larger intrusive bodies certain minerals have been altered during 
the late magmatic history. The ferromagnesians have suffered more than 
other minerals. Examples are the alterations of olivine to serpentine in 
the basalt porphyry, augite to uralite in the Campana gabbro and the 
Tinaja diorite, and hornblende to biotite and chlorite in many intrusives. 
In several of these rocks, the plagioclase grains contain scattered sericite 
flakes and granules of epidote which seem to have developed during the 
end-stage of crystallization, but this type of alteration involves the pres- 
ence of mineralizers. The total change produced by these alteration effects 
is not great in most of the rocks. 
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REACTION AT INTRUSIVE CONTACTS 


The endomorphic effects at intrusive contacts were, of course, primary 
in character, affecting the magma before crystallization took place, and 
producing the marginal zones already described. These zones are not very 
broad, except in the case of intrusives cutting the limestone. 

The exomorphic attack of the intrusive on the country rocks has often 
pxeduced zones of alteration of considerable width. Most of the secondary 
changes are produced not so much by the direct contact with the magma 
and the increase in temperature, as by the mineralizers escaping from the 
crystallizing intrusive. The products formed depend both on the compo- 
sition of the country rock and on the character of the mineralizers. 

The basic intrusives, in general, tend to impregnate the surrounding 
rocks with epidote, and the ferromagnesians are often altered to chlorite. 
The Tinaja diorite, the Mariquita diabase, and the Campana gabbro have 
produced broad alteration zones in the surrounding volcanics. The diabase 
dikes are usually too small to have caused important alteration effects. 

The more silicic intrusives, such as the Cuitaca granodiorite and the 
Cananea granite, tend to develop micaceous minerals. Thus, the Henri- 
etta formation near the contact with either, shows all ferromagnesians 
altered to aggregates of green biotite and chlorite, and many of the feld- 
spars sericitized. Moderate silicification often accompanies this altera- 
tion. The alteration around the quartz porphyry plugs is usually more 
extensive and complete than around the granite and granodiorite. Sericit- 
ized and silicified zones are found near the contacts, and at a greater 
distance the alteration aggregates consist of sericite, green biotite, chlorite, 
and some secondary quartz. 

The secondary changes observed in the sediments intruded by these 
rocks were produced by contact effects rather than by dynamic meta- 
morphism. These intrusives have caused the sericitization of the felds- 
pathic grains and the argillaceous matrix of the Capote quartzite, and the 
recrystallization and general silication of the Puertecitos limestone. 


HYDROTHERMAL ALTERATION AND MINERALIZATION 


The most intense alteration in the district has been produced by the 
solutions which accomplished the sulphide mineralization. In addition to 
true alteration effects, gangue minerals and disseminated sulphides were 
introduced throughout a large area. The zone from Sonora Hill to the 
Elisa Mine, including most of Cerro de Cobre and Capote Basin, shows 
the greatest effect. In the central part of this zone, all rocks have been 
altered to aggregates of sericite and quartz, with the sole exception of the 
limestone, which has been metamorphosed into garnet. This sericitized 
area grades outward into zones in which other alteration minerals, such 
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as biotite, chlorite, carbonate, and epidote, appear, and the amount of 
secondary quartz and sericite decreases. Other mineralized regions, such 
as the Kirk-Duluth line, and areas in the vicinity of Henrietta and 
Puertecitos, have zonal alteration effects, but none shows the intensity of 
sericitization found at Cerro de Cobre. 

The mineralizing solutions have not only brought about the garnetiza- 
tion of the Puertecitos limestone, but have likewise carried garnet into the 
overlying volcanic formations, where it is deposited as dikes and stock- 
works. This garnetization of the volcanics is especially striking in the 
vicinity of the Kirk and the Bonanza mines. 

Many of the mineralization products have a distribution related to 
that of the alteration zones. Disseminated pyrite is found in most of 
the rocks which are highly sericitized, and in lesser amounts outside these 
zones. Tourmaline is another mineral commonly found in the Cerro 
de Cobre region. Its distribution is erratic, however, and it is not con- 
fined to the sericitized zones, for, with quartz, it forms the cementing 
material for many of the contact breccias around quartz porphyry plugs 
well outside the mineralized zone. Alunite is a gangue mineral espe- 
cially prominent around the Colorada Mine. Its distribution elsewhere, 
however, has no proved relation to the type or the intensity of sulphide 
mineralization. 

WEATHERING 

As a general rule, surface waters have not produced much alteration 
in the rocks of the Cananea district, because the rate of erosion exceeds 
that of secular decay. In the mineralized areas, however, descending 
solutions have caused more pronounced effects. The oxidation of the 
pyrite supplies these waters with acid sulphates which readily attack 
some of the rock minerals. Great numbers of cracks and breccia zones, 
in the mineralized section, allow surface waters to circulate. The prin- 
cipal result has been the development of kaolinized masses, more or less 
localized by structural control, in which secondary copper sulphides, of 
supergene origin, have also been formed. 


SUMMARY 


The recent study of the rocks of the Cananea district has shown that, 
although the geologic history is complicated, each formation may be 
interpreted as being definitely a sedimentary, a volcanic, or an intrusive 
igneous type. The more important structural and temporal relations 
have been solved. These rocks exhibit a complex history of sedimenta- 
tion, profound and recurrent structural deformation preceding and sep- 
arating periods of volcanic accumulation, and, finally, invasion by a 
series of intrusives, culminating in a period of intense and economically 
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important mineralization. This history may be summarized as follows: 

(a) Deposition of sandstone, shale, and limestone upon an unknown 
basement during late Paleozoic time. 

(b) Deformation and erosion. 

(c) Accumulation of the Elenita formation, including several thousand 
feet of trachyte and rhyolite flows and flow agglomerates, with occa- 
sional, thin, interbedded, waterlaid, clastic material. 

(d) Deformation and erosion. 

(e) Accumulation of the Henrietta formation, comprising several thou- 
sand feet of fine-grained tuffs, agglomerates, dacite, rhyolite, and andesite 
flows. 

(f) Deformation and erosion. 

(g) Accumulation of the Mesa formation, including several thousand 
feet of coarse agglomerate, tuffs, and occasional trachyte and andesite 
flows. The base of the section in the northern part is represented by 
the Mariquita diabase and andesite porphyry flow, which in this area 
appears to be in part intrusive and in part extrusive. 

(h) Intrusion of the Cuitaca granodiorite batholith, with its deriva- 
tives, the Tinaja diorite, El] Torre syenite, and the Cananea granite, 
extending as cupola-like bodies east and southeast along lines of struc- 
tural deformation throughout the Cananea area. 

(t) Invasion of a series of later diabase dikes and quartz porphyry 
plugs, arranged as satellitic bodies, particularly around the southeasterly 
plunging nose of the Cananea granite mass. 

(j) Mineralization controlled by structural features, and generally re- 
lated to the quartz porphyry intrusives. 
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GENERAL CONSIDERATIONS 


If two bodies with different temperature are in contact with one an- 
other, the temperatures will gradually equalize themselves. Fourier’s 
general differential equation covers all possible variables affecting the 
thermal history of the two masses. Such an equation, however, is not 
directly useable, and particular solutions must be sought which will 
encompass the conditions in a given problem. In such a solution, it is 
generally necessary to make simplifying assumptions in order to treat 
the problem mathematically. The resulting particular solution is com- 
monly only an approximation, though such an approximation may be 
very close to actual conditions. The fewer the simplifications introduced 
in any problem, the more accurate will be the answer, but the more com- 
plex the treatment becomes. In applying the theory of heat conduction 
to geologic problems, interest is in the general picture rather than in the 
minutie; but, though a rough sketch is far better than no picture at 
all, a certain amount of detail is highly desirable. In order to estimate 
the value of different treatments, the important factors in the dissipation 
of heat from a hot body are considered below. 

The rate at which heat will move from an arrested magma into the 
country rock adjoining it depends on (1) the initial temperature distri- 
bution; (2) the time elapsed after intrusion; (3) the specific heats, 
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densities, and thermal conductivities of the intrusive and of the country 
rock; (4) the presence of endothermic or exothermic reactions; (5) loss 
of heat through gaseous transfer; (6) the shape of the body. 

The time after intrusion must be given for any solution of the heat 
conduction equations for the variable state. 

The temperature distribution at the time of intrusion is commonly 
assumed to be uniform throughout the intrusive at a temperature 4 
and uniform in the country rock at a temperature 6, which, for con- 
venience, is considered as zero. If the temperature gradient is sufficient 
to change the results appreciably, a few additional terms appraising this 
efiect can be added to the equation, with no great difficulty. In many 
problems, this is an unnecessary refinement. 

In nearly all solutions of Fourier’s equation, the conductivity and 
the diffusivity are considered constant throughout the thermal history, 
although it is well known that conductivity changes with temperature. 
For many non-metallic substances this change is roughly proportional 
to the absolute temperature and increases approximately %73 for every 
degree above zero centigrade. The specific heat also increases with 
temperature for most non-metallic substances, and this fact operates 


to make the diffusivity (h?) remain nearly constant, as h? = * where 


k = conductivity, o = specific heat, and d= density. It would seem 
that the assumption of a constant diffusivity may involve only a slight 
error, and, so far as this factor alone is concerned, equations for heat 
conduction in rocks should closely approximate actual conditions. If 
conductivity is used in such a way that it can not be represented by h?, 
an average value is generally assumed for k, and an error is thus intro- 
duced when the actual conductivity departs from the average. The mag- 
nitude is, of course, proportional to the departure from the average. 

It is known that the conductivity of liquid is generally less than the 
conductivity of the same substance when frozen. The general effect 
of slow convection would be similar to an increase in the conductivity. 
The error due to the assumption that the conductivity is the same in 
the liquid as in the solid is probably small, and might be largely com- 
pensated if very slow convection occurred. The temperature gradient in 
the wall rock would respond to convective movements within the magma 
in the same way as it would to an increase in the conductivity of the 
magma. Even slow convection would probably make it the dominant 
agent of heat transfer, and the assumption of the same thermal constants 
in solid and liquid phase would be unjustified. 

The presence of endothermic or exothermic reactions is equivalent 


1L. R. Ingersoll and O. J. Zobel: Mathematical theory of heat conduction (1913) p. 7. Ginn & Co. 
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to the presence of a heat source or a heat sink. During the crystalli- 
zation of a magma the latent heat of fusion is released, and at the same 
time there is probably a significant change in thermal constants. Accord- 
ing to Daly, the latent heat of fusion may account for as much as 
25 per cent of the total heat of a molten mass, although it is probably 
less for most magmas.’ In contrast to this generation of heat during 
crystallization, a certain amount of the heat may be removed from the 
solidifying igneous rock by gaseous emanations that escape through 
fissures and give up their heat at a distance. In considering the move- 
ment of heat by conduction, most of the heat of igneous emanations 
may be regarded as lost and equivalent to a heat sink or an endothermic 
reaction. 

The latent heat of fusion of igneous rocks probably ranges from 
50 gm. cal. in granite to about 100 gm. cal. in basalt.* The specific 
heat of granite is approximately 0.2 gm. cal. at room temperature, but 
its specific heat at higher temperatures has not been determined, so far 
as the writer knows. Study of the heat capacities of its important 
constituents—quartz, microcline, and albite ‘—suggests that the specific 
heat of granite probably increases to nearly three-tenths of a calorie 
at a temperature near 1000° C. If the average specific heat is approxi- 
mately 0.25 gm. cal., the heat capacity of 100 gms. of dry rock at 
1000° C. would be approximately 25,000 calories plus the latent heat 
of fusion which would amount to an additional 5000 gm. cal. Neglect 
of such a large amount of latent heat would greatly distort the thermal 
picture, if it were not, in a large measure, compensated by the loss of 
dissolved water. Experimental data do not give the heat capacity of 
water at such elevated temperatures, but it seems sufficiently accurate 
to extrapolate from known figures. Assuming that the water is present 
as steam dissolved in the melt at atmospheric pressure, the added heat 
capacity, due to this volatile, would be that of water at its boiling point 
plus its latent heat of vaporization and the additional heat required to 
raise the temperature of steam from 100° to 1000°. The average specific 
heat of steam between 100° and 1000° is probably not far from 0.5 
gm. cal., and the latent heat of vaporization is 540 gm. cal. These values 
indicate that the heat capacity of steam at 1000° C. is approximately 
1100 calories per gram. If the amount of water dissolved in the magma 
is about 5 per cent, the heat capacity of 100 grams of magma will be 
increased by approximately 5500 calories per hundred grams. Loss of 
this heat during crystallization might, in large part, counterbalance the 
effect of the latent heat of crystallization. The heat effects of water lost 


2R. A. Daly: Igneous rock and the depths of the earth (1933) p. 64. McGraw-Hill. 
3 Ibid. 
4W. P. White: Silicate specific heats, Second Series, Am. Jour. Sci., 4th ser., vol. 47 (1919) p. 19. 
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from the magma cannot be dismissed this simply, however, as there may 
be a very significant heat of ex-solution, and this may be either positive 
or negative. Until direct evidence is available, it would seem unjustified 
to assume that the water lost from a magma is compensatory in its heat 
effects to the latent heat of fusion. 

It is possible to introduce terms that give the effect of latent heat, 
but the resulting equations are generally involved and difficult to operate. 
For most geologic problems, it is probably better to treat the latent 
heat simply as an effective addition to the specific heat: 


1% = 0% 
+ 
where o = average specific heat, g = latent heat, 6, = initial tempera- 
ture and o, = value of specific heat to be used in equation. 

If pyrometasomatic changes take place in the wall rock, endothermic 
reactions would be expected to dominate over exothermic reactions while 
the temperatures were rising. Similarly, exothermic reactions would be 
expected to prevail during the period of falling temperatures, but there 
is little field evidence that such a reversal occurs. The amount of heat 
absorbed or given up in such reactions is unknown at present, and it is 
premature to speculate upon the quantitative aspects until further data 
are at hand. 

The effect of form on the rate of dissipation of heat can be found 
for many geometric shapes. It is almost impossible to treat a highly 
irregular body mathematically, and it is customary to choose some geo- 
metric shape that approximates the intrusive. The error involved in 
doing this depends on the degree of generalization nécessary, but is 
usually small. 

From the discussion already given, it would seem that, when dealing 
with intrusives containing several per cent of volatiles, the geologist is 
often justified in simplifying heat conduction equations by omitting 
terms designed especially to cover (1) the latent heat of fusion or crys- 
tallization, (2) the emanation of volatiles, (3) the change in thermal 
constants with temperature, (4) the minor deviations from certain regu- 
lar geometric shapes. 

For the usual equation treating the variable state, in addition to 
making these simplifications, it is also assumed that the thermal constants 
of the igneous rock and the country rock are identical. This assump- 
tion is only justified if these constants are nearly the same. In order 
to draw the thermal picture more sharply, the more general case, where 
intrusive and country rock have different thermal constants, will be 
discussed at some length. 
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Except for the special case of the temperature of contact immediately 
following intrusion, Ingersoll and Zobel do not discuss the variation of 
temperature within adjoining bodies having different thermal constants. 
The treatment of heterogeneous media is much more difficult than the 
special case where homogeneity is assumed, but the problem has been 
attacked by several mathematicians. One of the papers which the 
writer has found most helpful is that of Ehrenburg.’ A study of his 
equations shows that the temperature at any point within bodies having 


dissimilar thermal constants depends upon two quantities, 2 and p, 
2 
hike — hek, 


hike + hek, 
At the contact the temperature is independent of the ratio . and de- 


where p= and must have a value between +1 and —1. 


pends only on p. 
Ehrenburg’s equation for the dike is given below: 


1.2 


where b = ss and 6, is the temperature of points within the dike, 6, 


is the temperature of points in the country rock, the origin of the 
x-coordinate is taken at the right-hand side of the dike and its thickness 
as 21 and I is the probability integral whose limit is the fraction included 
in parenthesis.° 

As pointed out in an earlier paper,’ it is possible to draw time-tem- 
perature curves for intrusives of a specified diameter and to revalue 
the same curves for bodies of different diameters and different diffusiv- 
ities, through the use of relatively simple factors, if the country rock and 
the intrusive have the same thermal constants. A study of Ehrenburg’s 
‘equation shows that here, too, it is possible to calculate time-temperature 


5D. O. Ehrenburg: Mathematical theory of heat flow in the earth’s crust, Univ. Colo. Stud., vol. 19 
(1982) p. 327-355. 

¢*B. O. Pierce: “‘A short table of integrals’’ for tabulated values of the probability integral. 

7T. 8. Lovering: Application of the theory of heat duction to geologic problems, Geol. Soc. Am., 
Bull., vol. 46 (1935) p. 70-71. 


92 T. S. LOVERING—-HEAT CONDUCTION IN DISSIMILAR ROCKS 


curves for an intrusion of specific thickness and to use the same curves 
for intrusions of different thicknesses, by suitably changing the value of 
the x-coordinates of the curves and revaluing the time represented by 
each curve, provided only that the value of p remains the same—e.g., 
pat and .p=p. 

If curves have been calculated for a dike of diffusivity h,? and 
country rock of diffusivity h,? where the value of p=P, then for a 
dike of diffusivity h’,? in a country rock of diffusivity h’,? where the 
value of p’ is also p’ = P, the following identities permit revaluing the 
curves: Let 


then 
2in +x _ 2Ln + x’ _ qs(2in + x) _ 2nL + mx 21 
similarly 


x mx 


2.3 


2bn + x _ 2b’n + x’ _ 2abn + ax _ 2b’n + ax 


Reference to equations 1.1 and 1.2 shows that temperatures calculated 
with the first set of diffusivities, h, and h., will be the same as for the 
second set, h’, and h’s, if the identities, as given, are used. 

A curve drawn for the time t and a dike of thickness 21 and diffusivity 
h,? can be used for the dike of thickness 2L, and diffusivity h’,? by 
assigning a time t’ where t’ = q*t and revaluing the x-coordinates so 
that x‘’=mx. For the part of the curve representing temperature in 
the country rock, the same value of time t’ is used, but the x-coordinates 
have a different value and x’ = ax. 

There are a wide range of values of p that might occur in geologic 
problems, and a series of graphs showing the effect of varying p would 
be of considerable interest. The curves given in the earlier paper cover 


2.4 


the special case where p = 0, and 2 = 1 (p. 98). 
2 
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Churchill * has recently suggested the possibility of using scaled models 
for studying the thermal behavior of a body. If a model composed of 
the same materials as the prototype is constructed to scale, variable 
temperatures can be studied even in the case of radiation and convection. 
Scalar models, constructed so as to be « times the original, will duplicate 
the thermal history of either homogeneous or composite solid prototypes, 
if the model is subjected to the same initial temperature at corresponding 
points, but the surface heat transfer is made to take place at a rate 


of : times that of the prototype. Corresponding points will then reach 


the same temperature at the time ,’t. Where radiation and convection 
do not occur, surface transfer is absent, and each point in the prototype 
at time a*t has the temperature attained by the corresponding point of 
the model at the time t. 

The discussion of Ehrenburg’s equation for the dike shows that one can 
go a step beyond Churchill’s suggestions for the use of scalar models, as, 
for this case of heterogeneous media, it is possible to disregard his restric- 
tion of identity of material. True, the constant p, of the model must be 
the same as p,, the constant for the prototype, but as long as this condi- 
tion is fulfilled the materials of the two can differ widely, and the thermal 
histories will still be strictly comparable through the use of the factors 
m, a, and q?. The initial temperature difference in the model need not be 
the same as that of interest in the prototype, unless there were a sig- 
nificant change in conductivity and diffusivity in the temperature range in 
question. A small model could be constructed in which 


Pn Km > kp; > but Pm = Pp» 
and, if the time temperature changes in the model where noted, it would be 
possible to calculate the thermal history of the prototype by using the 
factors a, m, and q?, as indicated on page 92. 

Although the relations, already discussed, were deduced from a study of 
the particular solution for the dike, they appear to be of much more gen- 
eral applicability. A study of the particular solutions given by Ehren- 
burg—e. g., the dike, and the general case of unbounded heterogeneous 
medium; the lava sheet, and the general case of the heterogeneous body 
bounded by a plane at constant temperature; the sphere with surface at 
constant temperature—shows that the same relations exist. In conjunc- 
tion with Churchill’s revealing analysis, this indicates that thermal models, 
devised as suggested, have a wide field of applicability in the complex 
geologic problems of heat conduction. 


®R. V. Churchill: Comparison of temperatures in a solid and its scaled model, Physics, vol. 6 (1935) 
p. 100-104. 
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CONTACT TEMPERATURES 


At the contact of the dike and country rock, x = 0 and equation 1.1 
when used for contact temperatures reduces to 3.1. 


Similarly, equation 1.2, when used for temperatures at the contact reduces 


to 3.1. 
2bn 


It is apparent that the ratio p has no effect at the contact of the two 


bodies (x = 0), and, as contact temperatures are of greater geological 
interest than temperatures at any other point, it has seemed worth while 
to calculate the rate of fall of temperatures here for several values of p. 
Using Ehrenburg’s equation for the dike, the time temperature curves have 
been computed for the contact of a dike, 20 meters wide, with media of 
different thermal constants, such that p has values ranging from —.8 to 


+.8 (Pl. 1). 
2 nl 
For all values of t, such that 2hi/t is greater than 3.0, the value of 


or 


the probability integrals included in the summation 


n=1 


2nl 
is so close to unity that one may so regard the term I . Under 


such conditions the equality (— p= i + . allows one to sim- 
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plify equation 3.1. Where the values of t are such that 


2nl 1 
0; = (1 — —— 


6 
= (1 — 
t 3 ( P) 


and where @, is 1.00 


If we let K; = i and K; = i we have 
hike + hek; Ki + Ke 


2nl 
and where 2hv/t > 3 the temperature of contact is given by 


The equation given by Ingersoll and Zobel,® for the temperature of 
contact in the period immediately following intrusion, is as follows: 


If the temperature of the country rock @, is regarded as zero and the 
initial temperature of the intrusion as 1.00, equation 4.0 immediately 
reduces to equation 3.4. 

K, the ratio of the conductivity to the square root of the diffusivity, 
gives a significant thermal constant for any substance, and the ratio Ke 
determines the temperature at the contact during the period immediately 
following intrusion. Curves can easily be calculated, which give the early 
contact temperature 6.,, corresponding to different values of the quotient 


Ki (Pl. 2). From this graph it is seen that if the quotient is less than 1, 
the temperature is less than half that of the intrusion; if the quotient is 


®L. R. Ingersoll and O. J. Zobel: Mathematical theory of heat conduction (1913) p. 80, equation 49. 
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k 
Substances k h? | 
Igneous rocks 
.0043 .008 .0888 .0481 
.0057 .009 .095 .0601 
Metamorphic Rocks 
Piedmontite .00215 | .027 . 1645 .0130 
Variegated quartzite*................. .0128 .034 . 1762 .0732 
Sedimentary Rocks 
.0021 .005 .0708 .0304 
.0036 .007 .0838 .0430 
Average damp clay or sand soilf........ .0037 .0049 .0700 .0528 
Metals 


* International Critical Tables, vol. 2 (1927) McGraw-Hill. 
+L. R. Ingersoll: Geothermal gradient determinations in the Lake Superior copper mines, Physics, 


vol. 2 (1932) p. 158. Value of h? only given by Ingersoll, k taken from Int. Crit. Tables. 
11. R. Ingersoll and O. J. Zobel: Mathematical theory of heat conduction (1913) p. 80. 
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Taste 1.—Thermal constants in c.g.s. units—Continued 


k 
Metals—Continued 
700 1.182 1.088 .644 
Miscellaneous 
.0024 .0057 0755 0318 


3 L. R. Ingersoll and O. J. Zobel: op. cit. 


equal to 1, the temperature at the contact is just half that of the intrusion; 
if the quotient is greater than 1, the temperature is more than half that 
of the intrusion. 

Thermal constants, including the significant constant K, are given for a 
wide variety of substances of geological interest in Tables 1 and 2. The 


temperature at the contact of two rocks, just after intrusion, can be ascer- 


tained from the table, by obtaining the quotient ie and referring to 


Plate 2. 
The temperature at the contact of a granite dike, K, = .0633, and varie- 


gated quartzite, K, = .0732, is found by obtaining the quotient z = .864 


and referring to Plate 2. Curve A cuts the ordinate .864 of the A scale 
at .46, showing that the highest temperature reached by the wall rock 
would be .46 times the initial difference in temperature of wall rock and 
intrusive. A similar calculation for granite intruded into shale, K, = .0300, 


shows that 


Ke 
Oot = 
Comparison of 1.1 and 1.2 with the Ingersoll and Zobel equation for 


the dike 


= 2.115, and reference to curve B of Plate 1 indicates 
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suitably changed so that the coordinate origin is at the right-hand side 


of the dike, 
2 [ ) 2h Vt. OC 0.6 5.1 
shows that it corresponds to the special condition that p is equal to O and 


the value of . is unity. 
Equation 1.1, which gives the temperature conditions within the dike, 


is the same as equation 5.1, even though the value of a is not unity and 
2 


TABLE 2.—A pprozximate thermal constants of anhydrous glasses* 


No.t Glass Composition k o d ht h k/h 
4 | Granite (vitreous).............. .0024 | .196 | 2.45 | .0050 | .071 | .034 
18 | Syenite (vitreous).............. .0022 | .198 | 2.55 | .0044 | .067 | .033 
30 | Monzonite (vitreous)........... .0022 | .198 | 2.63 | .0042 | .065 | .034 
40 | Nephelite syenite (vitreous)...... .0021 | .201 | 2.35 | .0044 | .066 | .032 
42 | Quartz diorite (vitreous)........ .0029 | .199 | 2.65 | .0054 | .074/ .039 
43 | Tonalite (vitreous)............. .0023 | .198 | 2.58 | .0046 | .068 | .035 
44 | Quartz monzonite (vitreous). .... .0024 | .197 | 2.54 | .0048 | .069 | .035 
45 | Granodiorite (vitreous).......... .0024 | .198 | 2.54 | .0048 | .069 | .035 
48 | Diorite (vitreous)............... .0023 | .199 | 2.75 | .0042 | .064 | .035 
55 | Gabbro (vitreous).............. .0022 | .201 | 2.83 | .0039 | .062 | .035 
56 | Olivene gabbro (vitreous)........ .0018 | .202 | 2.83 | .0031 | .056 | .032 
60 | Plateau basalt (vitreous)........ .0022 | .202 | 2.82 | .0039 | .063 | .036 
67 | Dolerite (vitreous).............. .0022 | .201 | 2.80 | .0040 | .063 | .035 
75 | Amphibole peridotite (vitreous). .| .0028 | .212 | 2.88 | .0046 | .068 | .041 
79 | Dunite (vitreous)............... .0022 | .218 | 2.87 | .0035 | .059 | .037 
86 | Augitite (vitreous).............. .0020 | .201 | 2.88 | .0035 | .059 | .034 


* Constants calculated by writer. 

t Numbers refer to analyses on p. 9-28 of R. Daly’s Igneous rocks and the depths of the earth 
(1933). McGraw-Hill. 

k Calculated from data give by A. Russ: Die Wdarmeleitfihigkeit von Glasern in Abhangigkeit von 
der Chemischen Zusammensetzung, Sprechsaal, vol. 61 (1928) p. 907-912. 

¢ Calculations based on data given by A. Winkelmann: Ueber die specifischen Warmen verschieden 
zusammengesetzter Glaser, Ann. Physik. Chem., vol. 49 (1893) p. 401-420. 

d Density of glasses approximated by graphic methods; probable limit of error. .05. 


would, therefore, correspond to the temperature curves shown in the 
writer’s earlier paper,’° for that portion of the chart lying to the left of 
the wall of the dike. In the country rock, however, the curves would be 


somewhat modified if +~1. The departure from the curves shown 
2 


1 T. 8. Lovering: op. cit., p. 76. 
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would be dependent on the value of a and on the distance from the 


contact, but the x-coordinates could be revalued by using the factor a, so 
that the curves would accurately represent temperatures. 

It is apparent that as p departs from O, the curves drawn for the 
special case in the earlier paper will become less and less representative 
of the new conditions. The contact temperature for any given value 
of t corresponding to a definite value of 2h\/t gives a clue to the general 
nature of the time-temperature curves. Within the dike the curves 


will be flatter than those shown for the special case if @¢ > * » and 


the curves will be steeper if out < 2. In the country rock, the reverse 


relationship holds true. This is equivalent to saying that if K, (for the 
hotter body) is greater than K, (for the cooler body) the geothermal 
gradient within the hot body will be less than the gradient outside. 

The quantity of heat received by an isothermal surface at any time 
depends on the thermal gradient on the hot side of the surface; the quantity 
transmitted depends on the temperature gradient on the cool side of 
the surface. Denoting the flux of heat from the hot side as W, one has 


6.0 
6x 


While the surface remains at constant temperature, the heat received 
by it (W) must just equal that transmitted through it (W,). For this 
case, where W = W,, one has 


54, 

k _ 

ki 86 
ox 

or k 

A 


where A is the geothermal gradient in the material whose conductivity 
is k, and A, the gradient in the material of conductivity k,. 

If the temperature of the isothermal surface is falling, the ratio given 
by 6.2 will fail in proportion to the rapidity of the change. The contact 
of an intrusive with er rock tends to remain at a constant tempera- 


ture (determined bye =: ? until heat begins to move out from the center 
of the hot mass, ar during this period the gradients adjacent to the 
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contact should be closely proportional to equation 6.2. For most intru- 
sives, the subsequent fall in temperature at the contact will rarely be 
fast enough to cause the gradient ratio to depart far from that indicated 
by 6.2. 

It should also be noted that throughout the thermal history the gra- 
dient is steepest at the contact, and flattens, both in the country rock 
and in the intrusive, with distance from the contact. 


GEOTHERMAL GRADIENT WITHIN THE EARTH 


At a moderate depth within the earth the geothermal gradient must 
differ in adjacent dissimilar rocks, and near the contact of two such 
rocks the gradients should bear the relation expressed by equation 6.2. 

There is ample justification for assuming that the interior of the 
earth is a metallic mass, corresponding, in its general properties, to 
iron or steel, and that the meta]. vor. .. “urrounded by a mafic silicate 
shell. Near the outer edge of i> core the geothermal gradient’ 
should be governed by that existing in the silicate shell, according to 
equation 6.2. If the conductivities in the metallic core and the silicate 
shell are approximately those of steel and basalt, one has 


» kk 
Thus, the steepest gradient within the metallic core is probably only 
a fiftieth of that existing in the surrounding silicate shell. This fact 
strongly suggests that the geothermal gradient within the metallic core 
of the earth must be very flat at the present time. 
The temperature gradient in rocks of the lithosphere lying above the 
mafic shell would also depend on the relative values of k. Thus, with 
quartzose rocks, such as granite or quartzite, where k, = .008 to .012, 


the ratio of Km indicates that a low gradient in the silicic rocks would 


be in equilibrium with a steeper gradient in the substratum. Where the 
mafic rocks are overlain by basalt, or other rocks for which k approaches 
that of the peridotitic core, the temperature gradient would be corre- 
spondingly steepened in the lithosphere. Geothermal measurements in 
regions of old, little-disturbed, mafic rocks should give the most useful 
information in the problem of deep internal temperatures. 

It would be of considerable interest to follow the thermal history of 
a globe, modeled from materials comparable to those believed to make 
up the earth, and constructed as a scalar model. It is hoped that someone 
will undertake work of this sort in the near future. 
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INTRODUCTION AND ACKNOWLEDGMENTS 


Tomichi Dome is a roughly hemispherical mountain in Gunnison 
County, southwestern Colorado (Fig. 1), some thirty miles west of the 
Continental Divide and about 20 miles east of Gunnison. Its crest is in 
the northeast corner of section 28, T. 49 N., R.4 E. The new highway 
from Pitkin to Salida passes through Waunita Hot Springs in section 11, 
and the dome can best be ascended on foot from the northern side, where 
the hot springs are located. 

The dome is mapped on the Hayden atlas and on the geological map 
of Colorado published in 1913, as Carboniferous sediments. More re- 
cently, the fact that it consists mainly of igneous rock has been recog- 
nized, but geologists appear generally to regard this as intrusive. No 
detailed map of the area has hitherto been published, however, nor, so 
far as is known, have any careful petrographic studies of its rocks been 
made. 

Six days in July, 1934, were spent by the writers in mapping the area. 
As no accurate base map was available, locations were obtained by inter- 
section, using the Brunton compass, commonly mounted on a tripod for 


1F, V. Hayden: Geological and geographical atlas of Colorado, U. 8. Geol. Geog. Surv. Terr. (1881) 
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greater accuracy. Altitudes were read by aneroid, but topographic con- 
trol sufficient for preparing a contour map was not established. The 
final scale used in mapping was two inches to the mile, but for satisfac- 
tory interpretations so large a scale was hardly merited, as outcrops are 
scarce in the soft sediments on the lower flanks of the dome, and talus 
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Ficure 1—Index map of the area 


covers much of the icneous rock higher up. The published map (PI. 1) 
is, therefore, on a smaller scale, and the structural interpretations are 
_intermediate in accuracy between reconnaissance and detailed mapping. 

The writers wish to acknowledge their appreciation of the assistance 
rendered by the United States Geological Survey, particularly in lending 
field instruments. Special mention should also be made of the kindly 
criticism offered by B. S. Butler, E. 8. Larsen, and T. S. Lovering, all of 
whom in earlier work with the United States Geological Survey had oppor- 
tunities to study the dome briefly and thus were able to make helpful 
comments. 

PHYSIOGRAPHY OF THE DOME 

Tomichi Dome received the name “dome” because of the distinctive 
physiographic form, not because of its structure. It rises to an altitude 
of 11,325 feet, and towers some 2000 feet above an otherwise fairly flat 
region. North and west of the dome are hogback ridges, marking the out- 
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crop of resistant Dakota sandstone. In general, these hogbacks are 
separated from the dome by the narrow valley of Hot Springs Creek, 
flowing first westerly and then southerly to join the Gunnison River. 
Southward, the country descends from the dome to the broad valley of 
the Gunnison. To the east, also, there is little conspicuous relief. 

The dome is elliptical, the longer axis trending eastward. Several fin- 
ger-like ridges extend westward and southwestward toward Hot Springs 
Creek, but the other slopes are regular and contribute to the conical ap- 
pearance of the mountain in distant views (Pl. 2, A). Over all slopes, 
but particularly on the northwest side, great slides of rock waste have 
accumulated. There are few areas, an acre in size, where talus is wholly 
absent, and, consequently, geologic mapping is especially difficult. 


STRATIGRAPHIC SUCCESSION 


The sediments in the immediate region range from the Dakota sand- 
stone to the Pierre shale. There is nothing of unusual interest in this 
sequence. of Cretaceous rocks. A generalized table suffices to show the 


succession. 


Tasie 1.—Sedimentary Formations Exposed near Tomichi Dome 
Formations ; Thickness (Feet) 


Pierre shale: Dark-brown to black fissile shale with local sandy interbeds, 
which become more prominent near the top. Cone-in-cone structures 
occur in some layers. The only fossil found is a small Baculites...... 1700-1800 

Niobrara limestone: White to buff, chalky limestone, parting in thin 
shelly beds, 2 to 4 inches thick, and bearing the characteristic fossil 


Carlile sandstone (Upper Benton): Alternating beds, 2 feet thick, of thin- 

bedded, dark-brown shale and of foetid, calcareous, chocolate-brown 

sandstone. The sandy beds bear Ostrea lugubris.................... 43- 70 
Lower part of Benton formation: Light-gray, calcareous clay-shale, 

weathering through buff to light yellowish-brown................... 230 


Dakota sandstone: White, buff, or light-yellow, quartzitic sandstone, 
locally ripple-marked and bearing in its upper part a few interbeds 


Attempts to subdivide the lower Benton into Greenhorn and Graneros 
were not successful. 

The entire Cretaceous section is notably thinner than farther east in 
the Front Range.? The Niobrara and the Benton formations are also 
slightly thinner than near Anthracite and Crested Butte, farther west in 
the valley of the Gunnison.* The decreased thickness of the Pierre may 


2J. H. Joh : Introduction to the geology of the Golden area, Colorado, Colo. Sch. Mines, Quart., 


vol. 29 (1984) p. 11, 14-16. 
8 Whitman Cross and G. H. Eldridge: Anthracite-Crested Butte, Colorado, U. 8, Geol. Surv., Geol. 


Atlas U. 8., folio no. 9 (1894) p. 6, 7. 
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be due to erosion, as pointed out further on, but, unless repeated uplifts 
are postulated, erosion clearly can not account for the thinning of the 
other members. If the Carlile sandstone is to be regarded as a shallow- 
water facies laid down toward the close of Benton time (as has been gen- 
erally inferred), it would seem that the unusual thinning of the Benton 
is less satisfactorily explained by extensive pre-Niobrara erosion than by 
shoaling seas, followed by slight emergence and non-deposition. 


IGNEOUS ROCKS 


Two bodies of igneous rocks are found in the area. The smaller, and 
far less conspicuous, is a sill cropping out on the northern and western 
slopes of the dome. This is fairly well seen near the center of section 15, 
T. 49 N., R.4 E., about 1500 feet south of the highway, on the west side 
of a secondary road. It is also well exposed near the center of section 20. 
Here, about 800 feet above the bed of Hot Springs Creek, are two west- 
ward spurs from Tomichi Dome, capped by the dense, resistant rock of 
the sill. Wherever seen, this sill lies within the Benton and appears essen- 
tially conformable with the bedding. It ranges in thickness from 20 to 
35 feet and evidently dies out to the southeast—that is, down the regional 
dip. Northeastward, it wedges out between the beds. 

In hand specimens, the sill rock is light-gray, aphanitic, with platy 
fracture. The microscope shows a glassy matrix with phenocrysts of 
feldspar, biotite, and quartz. It so closely resembles the main mass of 
Tomichi Dome that one description will serve for both. A close genetic 
relationship of the two rocks is, thus, strongly favored. 

At its contacts the sill is still fine grained. The shales above and below 
are brecciated, silicified, and extensively baked to a distinctive dense, 
black, finely crystalline hornfels, by means of which the boundary of 
the sill can be traced even in places where the igneous rock itself does not 
crop out. Carbonates are abundant on both sides of the contact, but 
metamorphic silicates are lacking. The recognizable contact aureole in 
the shale was from 5 to 10 feet thick in several localities. This figure 
is significant as bearing on the possible presence of a contact zone beneath 
the much thicker igneous cap of the dome. 

Far greater in total volume than the sill just described is the igneous 
mass that forms the top of Tomichi Dome. It covers about three square 
miles and is at least 1800 feet thick. 

The main part of this rock is everywhere fine grained and light gray, 
but textural differences are conspicuous and prove to be essentially related 
to stratigraphic position: the lowest part of the rock, roughly 700 feet in 
thickness, has a texture suggesting tuff; above this, a “variole”-like or 
pisolitic texture is common for a thickness of roughly 900 feet; and the 
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B. CROOKTON THRUST 


Looking north from two miles southeast of Tomichi Dome. Cliff consists of vertical beds of Dakota 
sandstone (D); Morrison formation (M); pre-Cambrian granite (AR). 


C. “CHECKING” ON SURFACES 
Main igneous mass, Tomichi Dome. 
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topmost part is more equigranular. It may be added that the term 
“variole” is here used loosely to describe a megascopic structure, and not 
in the strict sense as originally used. These three textural facies are 
believed to be significant and continuous, but because of poor exposure 
cannot be traced all around the dome. The sequence described ‘is best 
seen on the northern slope, facing Waunita Hot Springs. 

Despite its relative thinness, the topmost, and densest, of the three 
facies is typical and is, therefore, described in greatest detail. Hand 
specimens are fine grained to stony in texture, with a few megascopic 
phenocrysts of biotite, feldspar, and quartz. Under the microscope, a 
glassy matrix is everywhere recognizable, and even the coarsest-grained 
specimens show interstitial glass, containing irregularly rounded areas 
that suggest spherulites. The glassy matrix makes up from 15 to 30 per 
cent. The crystalline material is composed largely of feldspar, biotite, 
and quartz. Approximately equal amounts of orthoclase and oligoclase, 
with quartz averaging from 7 to 10 per cent, indicate a composition similar 
to many of the quartz monzonite intrusions of central Colorado. Brown 
biotite makes up from 2 to 10 per cent, and is most abundant in the 
coarser-grained varieties; bleached biotite is also seen in some sections. 
Magnetite and topaz are present in small amounts in all sections. Garnet 
is found in the tuffaceous facies. Small quantities of apatite, hornblende, 
ilmenite, and titanite appear in the heavy “separates” but were not recog- 
nizable in thin sections; even in the “separates” these minerals were far 
less conspicuous than the magnetite, topaz, and garnet. 

Fluidal lines of this flow-like member are sharply outlined by limonite 
in somewhat-weathered specimens. In thin sections, fluidal texture is 
shown by the parallel orientation of the slightly elongated oligoclase crys- 
tals. Moreover, all sections show glass, and some, indeed, show little else 
(Pl. 3, A). Embayments in the feldspar and quartz, also, contain glass 
and are continuous with the groundmass (PI. 3, B), thus suggesting an 
extrusive origin. 

The “variolitic’” member of the igneous mass is not sharply marked off 
from the topmost member just described. It is identical, mineralogically, 
with the rock that caps the dome. The spherules weather out, showing 
first as light-gray, fresh-appearing areas, surrounded by a discolored, 
faintly buff or brownish mesostasis. The spherules that finally weather 
out, range, on the average, between .05 and .1 inch in diameter, but some 
diameters are much less, and the largest measured was half an inch. The 
microscope reveals little in the fresh rock that suggests true variolitic 
texture: the larger spheres are not defined at all, but the smaller ones are 
locally poorly outlined by spherulitic aggregates of crystallites in the 
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glass, averaging .3 to .5 millimeter in diameter. Megascopically, the 
“varioles” are not suggested on the fresh surface. 

The basal, tuff-like member is similar in composition. On weathering, 
it shows sub-angular pieces, up to an inch in maximum dimension, set in 
fine aggregate of the same kind of rock. This clastic texture is unmis- 
takable, and there is reason to believe that this facies represents a highly 
silicified tuff or breccia that was thrown out first, in part as an ash, in 
part as a coarser pyroclastic, and then cemented by silica; this impression 
is gained equally from megascopic and microscopic (Pl. 3, C) features. 


REGIONAL STRUCTURE 


The structure of the sediments immediately surrounding Tomichi Dome 
is, in general, monoclinal. The minor, local regional strike is northeast, 
with a southeast dip ranging from 6 to 40 degrees. 

A nearby feature of major structural interest is the Crookton fault. 
This shows well on the highway, about 414 miles south of the crest of 
Tomichi Dome, and about a mile east of the village of Crookton. Here, 
steeply upturned Dakota and Benton beds strike N. 28° E. and dip 68° E., 
due to overturning; the Cretaceous sediments apparently dip under a 
granite whose lithology and continuity with the ancient rocks at Sargent 
clearly prove its pre-Cambrian age. Thus, the fault appears to thrust 
pre-Cambrian granite northwestward over the Mesozoic sediments (PI. 2, 
B). The fault trace has been followed northeastward for 6 miles, to a 
point where the road from Waunita Hot Springs crosses the hills that form 
the western divide of the Tomichi Creek drainage. Midway in the course 
as just outlined, the fault brings soft shales and impure, shaly sandstones 
to the surface, so that these rocks crop out between Dakota and pre- 
Cambrian. On lithologic grounds, these shaly beds are best correlated 
with the Morrison formation, of Lower Cretaceous or Jurassic age. 

Immediately north of the outcrop just mentioned, the hard Dakota 
sandstone, here almost a quartzite, forms a steep cliff. Tho beds are 
vertical and show ripple marks, the sharp crests of which are on the 
western side of each exposed layer; thus, it is clear that the tops of the 
Dakota beds are to the west and that the formation has been dragged 
up by a thrust from the east. Two sets of regular joints are conspicuous 
on this cliff. One set trends N. 40° E., the other N. 10° E. (which here 
is parallel to the fault trace) ; the bisectrix of the acute angle thus formed 
meets the foot-wall of the fault trace in an acute angle whose apex points 
south. With reasonable assumptions, it thus appears probable that the 
eastern side of the fault not only moved upward with respect to the west- 
ern (foot-wall) side, but also northward as well. 
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The strike of the Crookton thrust varies, being about N. 35° E. near 
the highway and about N. 10-20° E., where best exposed, three miles to 
the northeast. Its trace generally trends N. 35° E. The dip cannot be 
directly measured, but, judging by the effect of the topography upon its 
trace, the plane must dip not less than 45 degrees. While, thus, not a 
low-angle fault, its displacement and the drag of the adjacent beds suggest 
extensive movement; hence, the fault seems to: merit the appellation 
“thrust.” 

The Crookton thrust has steeply turned up the beds that underlie 
Tomichi Dome, where they approach the fault. This drag along the fault, 
especially in the plastic Pierre shales, has resulted in abrupt and irregular 
minor folds; such folds are suggested, but poorly exposed, in the region 
from Tomichi Dome southeastward to the thrust. Broadly speaking, 
however, the combination of the southeastward regional dip and the gen- 
erally northwest dip imposed by the Crookton thrust has developed basin- 
like structure, in which the igneous rock and the crest of the dome are 
northwest of, but only about a mile away from, the structurally lowest 
point. 

ORIGIN OF TOMICHI DOME 

The origin of the dome involves two outstanding questions: (1) how 
the igneous rock now occupying the upper part of Tomichi Dome was 
brought into place, and (2) why the mountain has its present domical 
shape. These two questions can best be considered together. 

The writers began with the hypothesis that the main igneous mass of 
Tomichi Dome represented an intrusion—a plug, a laccolith, or a sill 
approaching a laccolith in dimensions. One strong a priori reason for 
this viewpoint is the physiographic form of the dome itself. A second 
apparently valid reason is the nearness of the plug-like or sill-like masses, 
such as the Mount Princeton batholith* near Salida, the Breece Hill 
plug * near Leadville, the North Italian Mountain stock * at the north- 
west side of Taylor Park, the quartz diorite plug near Aspen,’ the Calumet 
sill® near Buena Vista, and other, similar bodies in the Sawatch and 
Mosquito ranges. A third strong reason for regarding the igneous rock 


«R. D. Crawford: A contribution to the igneous geology of central Colorado, Am. Jour. Sci., 5th 
ser., vol. 7 (1924) p. 365-388. J. T. Stark and F. F. Barnes: The geology of the Sawatch Range, 
Colorado, Colo. Sei. Soc. (in press). 

88. R. Emmons, J. D. Irving, and G. F. Loughlin: Geology and ore deposits of the Leadville mining 
district, Colorado, U. 8. Geol. Surv., Prof. Pap. 148 (1927) p. 54. 

® Whitman Cross and G. H. Eldridge: Anthracite-Crested Butte, Colorado, U. 8. Geol. Surv., Geol. 
Atlas U. 8., folio no. 9 (1894) p. 5 and geological map (Crested Butte Sheet). 

7? Adolph Knopf: Recent developments in the Aspen district, Colorado, U. 8. Geol. Surv., Bull. 
785-A (1926) p. 7, 11-12. 

SE. H. Rainwater, E. F. Osborn, and C. H. Behre, Jr.: Geology of the Calumet district, Colorado, 
Geol. Soc. Am., Pr., 1938 (1934) p. 103-104. 
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of Tomichi Dome as intrusive is its nearness to the Crookton thrust, for 
the plug-like masses in the central Colorado Rocky Mountains very com- 
monly occur close to the great thrust faults which are the outstanding 
structural features of this tectonic province. Fourth, there seem to be 
no nearby remnants of lava flows of similar age or composition. Finally, 
the dome-like masses already cited, besides their resemblance in structural 
setting, are, in general, similar in mineral and chemical composition to 
the rock that makes up the crest of Tomichi Dome, and, therefore, similar 
conditions of origin might be inferred. These reasons all seemed at first 
to favor interpreting Tomichi Dome as the remnant of an intrusive mass, 
and most probably of a plug, rather than as the remnant of a lava sheet 
preserved in this one locality by its unusual resistance to erosion. 
Examination of the facts in field and laboratory, however, results in 
a rejection of each of these arguments. The first, or physiographic, argu- 
ment is manifestly weakest, for sapping at the edges of a thick flow might 
well produce just this configuration, especially when it is recalled that 
the combination of general structural and physiographic conditions place 
Tomichi Dome in the bottom of a structural basin. On the south, the 
Gunnison River has removed any former southward continuation of the 
flow for many miles, and the northward, and upward, drag of the foot- 
wall along the Crookton fault has produced northerly and westerly dips 
at the southern and eastern sides, respectively, of the dome. Indubitable 
proof that the lava of the dome was subjected to the same folding as the 
underlying beds, is not at hand, but, in the differences in altitude of its 
base at various points on the slopes of the dome, there is a strong sug- 
gestion that it did. On the northern and western sides of the dome, the 
regional dip itself suffices to bring older beds to the surface. Thus, what 
is physiographically the crest of the dome is preserved in a structural basin. 
The resemblance of the Tomichi Dome porphyry to nearby masses that 
are mainly intrusive in structural setting and are similar in mineralogical 
composition is, of course, no proof that they are identical in origin or age. 
The arguments against this viewpoint may be briefly summarized by 
offering an alternative hypothesis. At the time of, what may loosely be 
called, the Laramide Revolution, plugs, sills, and dikes, having chiefly 
the composition of quartz monzonites, were intruded; locally, lava of 
similar composition may well have been poured out on the surface, but 
as the highest formations of this surface (the Laramie and the Fox Hills) 
are virtually not preserved in this region, it would not be expected that 
the flows themselves would be found in many places. It may be noted 
here, however, that in South Park, some 65 miles away, considerable 
masses of such post-Laramie, pre-Tertiary volcanic extrusives, essentially 
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rhyolites and andesites, are actually found.? Thanks to Laramide erosion, 
the pre-lava surface in South Park is known to have been highly irregular, 
truncating strata at least as old as Fox Hills, as shown by data already 
available.’° If, in the Tomichi Dome region, a lava flow were poured out 
on such an irregular surface of erosion, it would locally rest on the Pierre 
shale and would, thus, transgress formation boundaries in the underlying 
strata. But, as the flow was acid, and presumably highly viscous, the 
slope of its surface should have been steep. Thus, the flow might well 
aggregate a great thickness locally but die out in a short distance hori- 
zontally. 

Moreover, the Tomichi Dome porphyry is mineralogically somewhat 
different from the intrusives of the Laramide orogenic epoch elsewhere. 
The presence of topaz is especially significant in this connection, for, 
though reported by others in nearby rocks of markedly younger age, it 
has not been found by the senior author in the heavy separates from any 
of the other Laramide intrusions of central Colorado.’ This fact sug- 
gests, though it by no means proves, that the Tomichi Dome porphyry 
may have been slightly different in age from the usual quartz monzonite 
masses—possibly somewhat younger. 

But the strongest evidence in favor of the extrusive origin of the 
Tomichi Dome igneous mass lies in the texture of the rock itself and 
in the absence of recognizable contact phenomena. It is generally fine- 
grained, and even shows much glass; a part of it is distinctly fragmental 
and tuff-like. Further, these characteristics, including the tuff-like layers, 
are rudely disposed in zones parallel to the underlying strata and, thus, 
suggest the arrangement to be expected in an extrusive rock. And, 
finally, there is no evidence, despite the large size of the igneous mass, 
of any contact metamorphism, even though the associated very thin sill, 
mineralogically similar, has produced its share of such changes, and a 
contact halo, developed to a far greater thickness, might, therefore, well 
be anticipated surrounding the larger mass that caps the dome. 


LENGTH OF LARAMIDE OROGENY 


If the interpretation here set forth is correct, a brief and tentative 
statement of a further inference, which supports evidence now accumu- 
lating in other nearby parts of Colorado as well, may be justified. It has 
already been stated that petrographic resemblances seem to indicate that 


*J. T. Stark and A. D. Hoagland: Bedrock geology of central South Park, Geol. Soc. Am., Pr., 
1934 (1935) p. 109-110. 

1° C. W. Washburne: The South Park coal field, Colorado, U. 8. Geol. Surv., Bull. 381 (1910) p. 308, 
pl. 16. 

J. T. Stark, C. H. Behre, W. E. Powers, and A. L. Howland: personal observations, unpublished. 

uJ. T. Stark: Heavy minerals in the Tertiary intrusives of central Colorado, Am. Min., vol. 19 
(1934) p. 586-592. 
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the Tomichi Dome flow was at least fairly closely related genetically to 
the intrusive porphyritic quartz-monzonites in adjacent regions. These 
generally more coarsely granular rocks were intruded essentially during 
the time of folding, marking the close of the Cretaceous. There are rea- 
sons, which cannot here be set forth, for believing that their intrusion 
in part came before, in part followed, the development of the great thrust 
faults that blocked out the definitive Laramide orogeny in the Rocky 
Mountains of central Colorado. This orogeny, with its thrust faults, its 
intrusions and doming, and its still later normal faulting, must, in general, 
have antedated the great erosion interval separating recognizable Cre- 
taceous and recognizable Tertiary deposition. 

The fact that the Tomichi Dome flow represents the same general type 
of igneous rocks as those just mentioned, yet was poured out upon a post- 
Pierre erosion surface, and was broken by the Crookton thrust, adds 
further to the picture of the complexity of the Laramide Revolution and 
the length of time probably involved. For it shows that some of the 
characteristic monzonitic magma appeared as lavas, flowing over an ero- 
sion surface developed after the greater part of Laramide orogeny had 
taken place, and that this extrusion, in turn, was followed by still later 
thrusting, as illustrated by the Crookton thrust. All of this complex 
sequence of events in this part of the Rocky Mountains has hitherto been 
referred to the “Laramide Revolution.” 


University, Evanston, Itt. 
Manuscaipr Recetvep sy THe Secretary or THE Society, June 7, 1935. 
Reap perore THE Geotocicat Society, Decemser 28, 1934. 
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INTRODUCTION 


Scores of volcanic necks, dikes, and lava-capped mesas rise from the 
high plateau of northeast Arizona and the adjacent parts of Utah and 
New Mexico. These are the remnants of a volcanic field that formerly 
covered many thousands of square miles. Erosion has so far dissected 
this field that the original cones have disappeared, the sheets of lava 
have been dismembered, and the old volcanic conduits now rise as giant 
towers, revealing their inner structure with singular clarity. The objects 
of this paper are to discuss the features of these denuded volcanoes, the 
character of their ejecta, and the age of their eruptions. To petrologists, 
the region is one of unusual interest, because of the similarity of its 
igneous rocks to certain of those in the classic regions of alkaline rocks 
in Montana and Wyoming. 

So extensive is the Navajo-Hopi volcanic province, that the present 
survey is to be considered as little more than a reconnaissance. When 
this study was made, only a few of the excellent, large scale aerial maps 
were available. The sheets of the United States Geological Survey, on 
the scale of 1 : 250,000, and the Indian Service maps, are inadequate 
for detailed mapping. Accordingly, the sketch maps included in this 
paper merely indicate the general distribution of the volcanic rocks. 
However, the salient features of the volcanism have been considered, 
and the rock-types discussed are representative. The large laccolith of 
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(NR and HR) 


Volcanic clusters are: (1) Tuba, (2) Wildcat Peak, (3) Monument Valley, (4) Carrizo laccolith, 
(5) Chuska and Redrock valleys, (6) Lukachukai Mountains, (7) Wheatfields, (8) Washington Pass, 
(9) Zilditloi, (10) Black Rock, (11) Hopi Buttes. Contour interval, 1000 feet. 


the Carrizo Mountains, which lies in the northeast corner of the area, 
has already been described by Emery’ and is, therefore, briefly men- 
tioned. 
For a history of previous work, the reader is referred to the report by 
Gregory.” 
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REGIONAL SETTING 


The location and topography of the Navajo-Hopi region are roughly 
indicated in Figure 1. Other regions of Tertiary and later igneous activ- 
ity are not far distant. To the southwest lies the volcanic field of the 
San Francisco peaks; to the southeast that of Mount Taylor and the 
Zuni Plateau and the floods of Quaternary basalt which cover wide 
stretches of New Mexico; to the north and northeast are the volcanic 
highlands of Colorado and the famous laccolithic groups of the Henry, 
Abajo, and Ute Mountains; while to the south are the volcanic fields 
of southern Arizona. 

From pre-Cambrian time to the Pliocene, there seems to have been no 
volcanism in the Navajo-Hopi country, for the tuffs found in the Chinle 
(Triassic) shales doubtless came from a source far removed. The only 
marked folding movements that affected the region took place probably 
at the beginning of the Tertiary era; and the most recent marine deposits 
are of Cretaceous age. 


HOPI BUTTES VOLCANIC FIELD 
GENERAL STATEMENT 


The largest volcanic cluster in the region to be considered is the south- 
ernmost, that of the Hopi Buttes, an isolated field, measuring from 35 
to 40 miles on a side. Here the rolling badlands and plains are diversi- 
fied by groups of castle- and chimney-like buttes, by wall-like dikes, 
and by lava-capped mesas that stand out all the more conspicuously 
among the delicately tinted sediments by reason of their somber colors. 
The sheets of basic lava and tuff that once covered the whole region may 
have reached a thickness of more than a thousand feet, but they are now 
reduced to remnants that vary from mere hillocks, a few yards across, 
to one, Hauke Mesa, 19 miles in length and 11 in breadth (Fig. 2). 


PRE-LAVA SURFACE AND HOPI LAKE 


The surface upon which these flows were erupted was carved from 
almost flat-lying Mesozoic sediments during the long interval between 
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Cretaceous and Pliocene times. That it was a surface of low relief 
is clear from the fact that the lava base is nowhere far from an eleva- 
tion of 6,000 feet. 

Such valleys as existed on this old surface must have been choked 
by showers of ash during the opening stages of volcanic activity. The 
streams were repeatedly dammed, forming playas and ponds, which seem 
to have been united ultimately into a lake of great extent. This may 
be spoken of as the Hopi Lake. Its deposits stretch as far north as 
Jedito Wash and south to the vicinity of the Five Buttes, a distance of 
almost 35 miles: in an east-west direction they are traceable for 50 
miles, from near Ganado to Dilkon (Fig. 2). The northern shore of 
the lake was bordered by low mesas of cream and white Cretaceous 
sandstones; its other shores, by brilliant red and white Jurassic sand- 
stones and delicately tinted Chinle shales. Correspondingly, the lake 
sediments show a general gradation from white calcareous sands near 
one shore through varicolored shales in the center of the basin to sands 
that are dominantly red on the opposite side. Near the southern shore, 
many low islands of red Jurassic sandstone, fringed with blocky talus, 
rose from the shallow water. As time passed, the water became increas- 
ingly shallow and the re-worked Cretaceous sediments spread continually 
farther south until the clays and silts in the middle of the lake, about 
White Cone, were largely buried by rain-pitted and ripple-marked sands 
(Pl. 4, fig. 1). 

Most of the Hopi volcanoes rose along the southwestern shore of the 
lake, though many formed islands within it. Accordingly, the lake beds 
are intimately admixed with ashes and interbedded with countless flows 
of lava. Other volcanoes contributed ejecta. Thus, on the edge of the 
mesa south of Ganado, close to the base of the lake beds, there is a 
deposit of clean, white rhyolite pumice, 8 feet thick. Followed for 15 
miles westward to Sunrise Springs, the same bed dwindles to 5 feet in 
thickness and is partly re-worked. Here it lies below the dark ashes 
of the Hopi vents. Its extremely fine grain and westward thinning 
indicate a source far to the east. Doubtless a more prolonged search 
will reveal that it persists throughout the Hopi Buttes, and it seems 
likely that future workers on the Tertiary deposits of Arizona and New 
Mexico will find it a valuable index for correlation. 


HOPI VENTS 

Although the original cones have long since been removed, there is 
no difficulty in recognising where they once existed. Erosion, acting 
rapidly on the surrounding sediments, has left the crater- and conduit- 
fillings as conspicuous towers, the summits of which cannot be more 
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than a few hundred feet below the tops of the former cones. It is not 
surprising, therefore, that the intrusive rocks are indistinguishable from 
the surface flows. 

At least 30 volcanic necks have been recognised. A few are isolated, 
but most occur in clusters or are aligned in a northwest-southeast direc- 
tion, parallel to the adjacent dikes. The typical neck is circular in 
plan, though some are oval and merge gradually with dikes. Necks 
with such intricate outlines as those described by Geikie* from the 
Central Valley of Scotland are not to be found; on the contrary, the 
simple plans of the Hopi necks recall those of the diatremes of the 
Schwabian Alb and the necks of the Mount Taylor district, so vividly 
described by Dutton.‘ 

The typical Hopi vent was opened by the explosive drilling of a cylin- 
drical pipe, and doubtless a pyroclastic cone or maar-like depression 
was formed about the orifice. Subsequently, upwelling lava filled the 
crater and finally spilled over the rim in broad floods. The evidence for 
this history is abundant. There is hardly a neck without a jacket of 
inwardly dipping pyroclastic debris, made up of lava and sedimentary 
fragments that rarige in size from the finest dust to blocks many yards 
in diameter. Normally, the dip of these ejecta increases both upward 
and inward (Fig. 4A). Unbedded friction breccias bordering the necks 
are extremely rare, and, in general, the enclosing sandstones and shales 
remain undisturbed. An upward arching of the adjacent sediments, such 
as Gevers ° noted around a neck in South Africa, or a downward deflec- 
tion like that seen arouna many of the necks of Fife and the Rhén- 
gebirge in South Germany,*® has not been discovered in the Hopi region. 
The Hopi diatremes are of the Alb type.” 

The peripheral bedded tuff-breccias are usually cut by irregular dikes, 
and the contact with the central pipe of lava, though mainly vertical, 
is in detail very intricate. Occasional pieces of shale and sandstone 
have suffered a slight induration and reddening, but most of them do 
not seem to have been affected either during the explosions or during 
the later uprise of lava. 

In many of the Hopi necks, the central body of lava is strongly colum- 
nar, and, in general, the columns curve outward from the top so as to 


8A. Geikie: The geology of Eastern Fife, Geol. Surv. Scotland, Mem. (1902) p. 200-283. 

*C. E. Dutton: Mount Taylor and the Zuni Plateau, U. 8. Geol. Surv., Sixth Ann. Rept. (1885) 
p. 165-182. Also, D. W. Johnson: Volcanic necks of Mt. Taylor region, Geol. Soc. Am. Bull., vol. 18 
(1907) p. 303-324. 

®T. W. Gevers: The volcanic vents of the Western Stormberg, Geol. Soc. South Africa, Pr., vol. 31 
(1929) p. 43-62. 

*H. Biicking: Uber die vulkanischen Durchbriiche in der Rhén und am Rande des Vogelsberges, 
Gerland’s Beitrage, vol. 6 (1904) p. 267-308. ; 

7R. Lachmann: Die systematische Bedeutung eines neuen Vulkantypus (Hemidiatrema) aus dem 
Rezgebirge, Deutsche geol. Gesell., vol. 61 (1909) p. 326. 
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be perpendicular to the inward-dipping tuff-breccias at the contact. In 
other necks, the columns are disposed at random. Auto-brecciated and 
scoriaceous lavas may be present along the margins, but normally the 
rocks are dense throughout and free from vesicles. Necks almost wholly 
composed of pyroclastic debris, which are characteristic of the Navajo 
country, are here the exception. 

On some of the Hopi mesas, it is impossible to be sure whether one 
is dealing with an erosional remnant of a lava sheet or with a vertical 
neck; on others, horizontal flows may be traced into necks fringed with 
breccia (Fig. 4C). 

Not all the lavas issued from central vents; some rose through fissures. 
An excellent example of such a feeder may be examined at the northern 
end of the Five Buttes. Here a dike, from 12 to 18 inches wide, can be 
followed upward into a lava sheet. Immediately above its source, the 
flow is about 150 feet thick, but on the neighboring buttes it thins away 
rapidly. 

The succession and thickness of the flows and interbedded tufis vary 
greatly even over short distances. On one mesa, from three to six flows 
may be counted, though on the next, less than a mile away, there may 
be only one or two. While some of the closely spaced vents were erupt- 
ing piles of ash, others were pouring out tongues of lava. 


BEDDED PYROCLASTIC ROCKS 


Explosive ejecta from the Hopi vents probably exceed the lava flows 
in volume. Only a very small fraction of this pyroclastic debris makes 
up the volcanic necks; most of it is interbedded and admixed with lake 
and river deposits or is intercalated in lenses between the lava flows. 
Toward the west and south, tuffaceous deposits are thin and rare, but 
in the opposite direction, along the edge of Jedito Mesa and along the 
borders of Pueblo Colorado and Wide Ruin Washes they are extensively 
developed. 

Typically, the ejecta consist of angular and subangular chips of black 
limburgite and monchiquite in a sedimentary matrix. True bombs and 
scoriaceous lapilli blown out while still viscous are exceptional. Cinder 
cones, made up of scoriaceous fragments, like those in the neighboring 
San Francisco volcanic field, can not have been present in the Hopi 
region. On the contrary, the activity must have been dominantly of 
vuleanian and ultra-vulcanian type, for the shapes of the ejecta indicate 
that the material was solid, or very nearly so, prior to explosion. With 
the fragments of lava were erupted great volumes of pulverised sandstone 
and shales, but debris of plutonic rocks, so common among the tuffs of 
the Navajo volcanoes to the north, is conspicuously rare. 
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The first products of eruption assumed dips in conformity with the 
pre-volcanic slopes, but the later ejecta were generally laid down hori- 
zontally between freshwater deposits of mud, limestone, limey mud, 
sand, and gravel. Locally, coarser tuffs and breccias seem to have spread 
out along irregular channels on the lake bottom, in the form of mud 
flows. The debris must be pictured as accumulating on an extremely 
varied surface, here becoming admixed with lake sediments, there falling 
into rivers to be water-worn and admixed with sands, and at another 
place infilling depressions on the hummocky top of a lava flow. Near 
some of the vents, tuff-breccias, including lava blocks up to 3 feet in 
diameter, are to be found, but compared with the fine detrital tuffs 
the breccias are rare. 


CAULDRON SUBSIDENCE NEAR INDIAN WELLS 


A cauldron subsidence occurred about 3 miles S. 65° W. of the trading 
post at Indian Wells, in the Hopi Buttes (Fig. 2). It lies near the 
southern margin of the old Hopi lake. Topographically, the subsidence 
has produced an oval basin, measuring approximately half a mile in 
an east-west direction and a third of a mile across. The floor of the 
basin is covered with recent river deposits, but the sides and surrounding 
region are formed of detrital limburgite and analcite basalt tuffs, and 
lapilli-tuffs, freshwater clays, sands, and limestones, in rapidly alter- 
nating beds. Some of the tuffs carry fragments of red granite and quartz 
diorite, which are noteworthy as the only plutonic ejecta found in the 
Hopi voleanic province. With these may be found sporadic crystal 
bombs made up of pyroxene, hornblende, and a little biotite. 

These lake beds and pyroclastic deposits had accumulated to a thick- 
ness of at least 1,000 feet when they suffered local collapse. The struc- 
tures produced by this disturbance are perfectly revealed in the gorges 
cut through the rim of the basin on its southwest and northeast sides. 
On the inner side of the basin, the beds dip inward at angles of approxi- 
mately 40 degrees; near the rim they are, in general, vertical; whereas, 
on the outer side the dips flatten to horizontality within the space of 
a few hundred yards (Fig. 3). Innumerable, outwardly dipping reverse 
faults and recumbent folds cut the beds, particularly outside the rim, 
where the dips are high, though the maximum observed displacement 
is only 5 feet. There are indications also of a sliding in the vertical 
beds. 

It is clear that the depression is not an explosion pit, since freshwater 
sediments are regularly interbedded with the pyroclastic rocks. Nor 
can it be related to orogenic movements, for nowhere else in the Hopi 
country is there any evidence of recent disturbance. Such a local struc- 
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ture can hardly be accounted for except as a result of the movement 
of magma at depth. The withdrawal of magma, either by the surface 
escape of lava or by the intrusion of dikes, might so weaken the crust 
as to form ring fractures. In more solid rocks, these would tend to be 
vertical, at least at depth, and clean cut, as at Buell Park (p. 139), 
but fractures transmitted upward into incoherent tuffs and sediments 
would tend to produce sliding and downward slumping. Moreover, if 
some of the fractures converged toward the surface, as they do in many 


u_4 MILE j 


Ficure 3—Diagrammatic section across the Indian Wells subsidence 


ring dikes, the collapse would tend to produce just such reverse faults 
and recumbent folds as are diagrammatically represented in Figure 3. 
There are no dikes within the basin itself, but perhaps the intrusion of 


lava into the necks beyond the rim of the basin and into the dikes to 


the east is responsible for the subsidence. 


DIKES 


Trend.—A glance at the map (Fig. 2) shows that most of the dikes 
and necks of the Hopi country are aligned approximately in a northwest- 
southeast direction, that is parallel to the axes of the very gentle post- 
Cretaceous folds. Faults are entirely absent. 

No dike is straight for any great distance; in detail, all show many 
small rectangular offsets. Locally, the discontinuous outcrops of a dike 
may be arranged en échélon, and the branches, though usually only five 
to ten yards apart, may be separated by as much as fifty yards. Curved 
dikes are rare. 

Width.—Except where they widen into volcanic necks, most of the 
Hopi dikes are only a foot or two across, though a few reach ten feet 
in width, and one is forty feet wide for a short distance. Despite 
their thinness and shallow depth of intrusion, many are traceable at 
intervals for several miles, and must have been injected with almost 
explosive violence during the rapid wedging apart of fissures. The faces 
of the dikes are usually smooth or corrugated by broad, horizontal 
grooves, as if, locally at least, the magma had spread laterally rather 
than vertically. Most, if not all, of the voleanic vents must have been 
drilled before the phase of dike intrusion began. None of the straight 
dikes departs more than 10 degrees from the vertical, though the curved 
sheets dip at low angles. 
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Curved dikes or cone sheets——Near the southern margin of the Hopi 
Buttes, there are three necks, partly surrounded by inward-dipping, 
arcuate intrusions. The best exposed of these lies about 5 miles north 
of Flying Butte (Fig. 9, no. 2). Here is a small neck, cut by dikes, 


Fiaure 4—Diagrammatic sketches of Navajo-Hopi necks 


(A) Common type of Hopi neck. Diverging columns of lava resting on inward-dipping tuffs and 
surrounded by undeformed Mesozoic sediments. Possible form of original crater is suggested. 

(B) Common type of Navajo neck, Agathla. Shaft of tuff-breccia riddled with dikes of minette. 
Conduit probably terminated at surface in an explosion pit or maar. 

(C) Lava spilling from a Hopi vent. 

(D) Neck forming Smith Butte, Hopi Buttes. Flat-lying Chinle shales; inward-dipping tuffs of 
crater, enclosing columnar lavas due to several upwellings into crater; cone sheets. 

(Z) Margin of typical Navajo neck. Fractured walls of sandstone (right), detached blocks, lying in 
& matrix of comminuted minette and sediments (left). Later dikes of minette. 


which rises through flat-lying Chinle shales and is bordered by a sheet 
of monchiquite averaging only two feet in thickness and dipping inward 
at angles ranging from almost horizontal to almost vertical. 

A curved sheet of limburgite, a foot thick, crops out along the north 
and east base of Smith Butte. In places, it lies horizontally, parallel 
to the bedding of the Chinle shales; elsewhere, it dips inward at angles 
up to 30 degrees. On the east side, it is cut by a vertical dike which 
continues inward to the central neck. Above the Chinle shales lie well- 
bedded lapilli-tuffs whose inward dip increases upward (Fig. 4D), indi- 
cating accumulation on the sides of a funnel-shaped crater. Intruding 
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the tuffs, and resting upon them, is a cake of columnar lava, about 100 
feet thick. 

On Flying Butte, the central neck consists of downward-diverging 
columns of lava that rest on inward-dipping tuffs. Between 100 and 200 
yards from the neck, there is a discontinuous belt of auto-brecciated 
and scoriaceous lava, which may represent a cone sheet. 


Composition of the dikes—Most of the dikes are made up of dense, 
black, porphyritic lava identical with that forming flows on the adjacent 
mesas. Marginally, these dikes contain fragments of shale and sandstone 
torn from the neighboring walls. Other dikes are principally composed 
of tuff-breccia. An excellent example is the striking wall-like intrusion 
that rises to a height of about 150 feet behind the Castle Butte Trading 
Post. For much of its course, it is only 10 feet wide, but toward the 
south end it widens to about 100 feet. A thin skin of horizontally 
bedded red sandstone still adheres to the face of the dike in places. 
Blocks of similar sandstone, up to 6 feet across, and fragments of Chinle 
shale abound within the dike, where they lie in a matrix of comminuted 
lava and sediment. A feature of this dike, not seen in any other, is 
a crude bedding of the tuff-breccia, suggestive of the accumulation of 
ejecta in an open fissure. 


Contact metamorphism.—Alteration of the wall-rocks is surprisingly 
slight. Occasionally, red sandstone may be bleached for a few inches 
from an igneous contact, and shales may be slightly baked; for the 
most part, however, no trace of alteration can be detected. Most of 
the sedimentary inclusions also are unaffected, though some, probably 
those transported from considerable depth, may be partly vitrified or 
recrystallised. 


Travertine vein—About 3 miles south-southwest of Indian Wells, a 
sinuous dike of calcareous tufa forms a broken wall, up to 20 feet in 
height. It can be followed for almost three-quarters of a mile in a 
general east-west direction. Though averaging only 6 feet in width, it 
swells to 40 feet near its western end, where it splits into two parallel 
branches. The walls in most places dip southward at angles of more 
than 40 degrees; locally, they are vertical. Much of the travertine is 
massive and devoid of any regular structure and weathers in a cavernous 
fashion, but some of it is strongly banded parallel to the walls and 
exhibits botryoidal surfaces. Sandy and tuffaceous impurities, obviously 
picked up from the walls, are plentiful. Whether the travertine was 
formed by direct magmatic emanations of carbonate waters and is, in 
this sense, similar in mode of origin to the calcite and aragonite amyg- 
dules in the igneous dikes, or whether the carbonate was derived from 
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solutions that were primarily meteoric in origin and acted upon calca- 
reous sediments at depth has not been determined, though the presump- 
tion is in favor of the former view. Carbonate veins are not uncommon 
in association with the diatremes of South and Southwest Africa. 


PETROGRAPHY OF THE HOPI ROCKS 
GENERAL STATEMENT 


No good purpose would be served by discussing the lava flows, neck 
fillings, and dike rocks separately. Neither in the field nor under the 
microscope is it possible to distinguish them. They are all dense, 
black or dark-gray rocks that would be classed in the field as basalts. 
Almost all are studded with glistening phenocrysts of augite, and many 
carry recognisable crystals of olivine. Few, however, contain biotite 
and still fewer, hornblende. Feldspar is nowhere visible to the unaided 
eye, and, indeed, in most of the rocks it is absent altogether. Where 
present, it is generally in the form of microlithic sanidine. Normal 
plagioclase basalts were found only along the southern margin of the 
Hopi province, in the small outlier south of Lithodendron Wash. This 
remarkable scarcity of feldspar among the Hopi rocks sets them apart 
from those of the Navajo volcanoes to the north, in which orthoclase 
and sanidine are almost ubiquitous. Of the colorless constituents in the 
Hopi lavas, analcite, a mineral rare in the Navajo rocks, is, by far, the 
chief, but leucite, occasionally present in the latter, is here unknown. 

The typical Hopi lavas are the surficial equivalents of monchiquites; 
the Navajo lavas, of minettes. For convenience, the Hopi rocks may 
be classified into four types, though actually they grade into each other. 
These are: 

Type 1—Limburgites 
Type 2—Analcite basalts and monchiquites 


Type 3—Trachybasalts 
Type 4—Olivine-augite basalts 
TYPE 1—LIMBURGITES 
Many of the bombs, lapilli, and fragments of tuff blown out of the Hopi 
vents cooled rapidly to form glass-rich limburgites. Many of the lavas 
also were quickly chilled, so that the interstitial melt froze to dark glass. 
Porphyritic augite is rarely lacking and in most specimens makes up 
between 5 and 10 per cent of the whole. Though black to the naked eye, 
the mineral is usually brownish-green and non-pleochroic under the mi- 
croscope. Crystals half an inch long are not uncommon, and great num- 
bers of smaller, perfect specimens may be picked up in the soil derived 
from the crumbling tuffs. The forms are 100, 010, 011, 111, and. 110, and 
twinning on 100 is prevalent. The augite from a lapilli-tuff selected for 
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analysis (No. 15) has these properties: « = 1.695; 8B = 1.706; y = 1.720 
+ .002: 2V = c.60°; Z A c= 46°; Sp. Gr. = 3.20 + .02. It is a lime- 
rich, diopsidic augite, chemically almost identical with an augite from 
the 1631 lava of Vesuvius.’ Optically, it resembles the dominant pyroxene 
in the basic, alkaline lavas of Montana. In some of the Hopi rocks, the 
augite is distinctly zoned, the interior being colorless or very pale brown 
and showing only weak dispersion, while the exterior is purplish brown 
and has an optic angle of about 40 degrees. This indicates an outward 
passage from diopside to titanaugite. The microlithic augite appears to 
be rich in both iron and titanium, and in some limburgites may consti- 
tute almost two-thirds of the whole. Aegirin augite has not been detected. 

In a typical limburgite, such as that analysed (No. 5), porphyritic 
olivine makes up about 10 per cent of the volume, though in some flows 
it is almost lacking. Crystals longer than 2 millimeters are rare, and, 
contrasted with the augite, most of them are extensively altered to pale 
antigorite, accompanied by calcite and hematite. 

Hornblende has been recognised as only a minor accessory in a few 
sections. It is of the basaltic variety, and pleochroic from pale yellow, 
X, to a yellowish- or greenish-brown, Y and Z. ZA c= 5°; dispersion 
intense. 

Biotite is also unusual and is confined to rocks carrying hornblende. 
In a small neck, immediately southeast of Egloffstein Butte, it occurs as 
rich-brown flakes, half an inch across. y = 1.665 + .002; Sp. Gr. = 2.80. 
In a dike near French Butte, the mineral has an optic angle of 5° and 
y = 1.658 + .002. 

The matrix of the limburgites is invariably rich in microlithic augite, 
granular titanomagnetite, and acicular apatite with interstitial brown 
glass (n = 1.520). Irregular patches of analcite, more or less altered to 
zeolites, increase at the expense of the glass as the limburgites grade into 
the analcite basalts and monchiquites. Figure 5, C, depicts the normal 
texture. 

Amygdules are abundant. Most of them are composed of analcite 
and/or calcite, but many, especially in the southern part of the Hopi 
field, consist of aragonite. Elsewhere, vesicles are infilled with waxy 
chlorophaeite and ?nontronite, varying in color from lemon-yellow to 
bluish-green, or with zeolites. 

Where chips of shale and sandstone are enclosed by limburgite they 
are generally quite free from alteration, though a few are partly vitri- 
fied, and others are surrounded by reaction rims of diopside. Solution 
of the fine felsitic matrix of some inclusions has caused their disruption 


8M. Stark: Die Augite in den Gesteinen der Euganeen, Neues Jahrb. fiir Min., Abt. A, vol. 55 
(1927) p. 1-35. 
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so that the larger grains of quartz, bordered by needles of diopside, have 
been strewn out by flow. 


TYPE 2—ANALCITE BASALTS AND MONCHIQUITES 


Next in importance to the limburgites are those basic lavas and intru- 
sions characterised by an abundance of analcite and the absence, or great 
scarcity, of feldspar. These bear such a marked resemblance to the 
monchiquitic rocks of the Highwood Mountains of Montana, so ably 
described by Lindgren and Pirsson,® that an extended discussion would 
be superfluous. A few examples, selected for analysis and illustration, 
are all that need description here. 

The dense monchiquite (Analysis No. 5) forming the conspicuous neck 
behind the Dilkon Trading Post has the following percentage content: 


15. Antigorite pseudomorphs after olivine, up to 0.2 mm. 
4. Weakly titaniferous augite phenocrysts 
1. Resorbed phenocrysts of basaltic hornblende, up to 2 mm. 
60. Dense felt of titanaugite, titanomagnetite, and abundant stumpy prisms 
of apatite (4.70 per cent in the norm) 
20. Analcite in irregular patches containing tiny laths of ?sanidine and a 
second generation of acicular apatite 


A coarse-grained monchiquite (Analysis No. 2) from the crags behind 
Indian Wells Trading Post has approximately the following percentage 
content: 


20. Porphyritic augite, pale-brown within and dark-brown rims 

50. Microlithic augite with a slight purplish cast 

5. Slightly serpentinised phenocrysts of olivine 

10. Granular titanomagnetite 

15. Clear analcite, both in irregular patches and in tiny spheres charged with 
apatite, a little calcite, and rare flakes of pale-brown biotite 


In some of the Hopi analcite-rich rocks, the mineral is segregated in 
small spherical patches, whose resemblance to leucite is accentuated by 
regularly arranged inclusions (Figure 5, D). Apatite is unusually plen- 
tiful; in the norm of one monchiquite it makes up 6.05 per cent. Despite 
the fairly high content of soda in these rocks, reaction shells of aegirin- 
augite seem to be absent, and nepheline has not been certainly recognised. 


TYPE 3—TRACHYBASALTS 


The correct identification of the weakly bi-refringent minerals forming 
the groundmass of the trachybasalts presents great difficulty. Though 
plagioclase is developed in a few samples, microlithic sanidine is thought 


® Waldemar Lindgren: Eruptive rocks from Montana, Calif. Acad. Sci., Pr., vol. 3 (1890) p. 51. 
L. V. Pirsson: Igneous rocks of the Highwood Mountains, Montana, U. 8. Geol. Surv., Bull. 237 
(1905) p. 149. 
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to be, by far, the principal feldspar, and nepheline is probably present in 
small amount. Except that in the trachybasalts these minerals take the 
place of the analcite and glass in the rocks already described, the two 
groups of lava are not essentially different. In none of the sections exam- 
ined does plagioclase exceed more than one per cent by volume, and, 
though the small size of the crystals renders identification doubtful, none 
appears to be more basic than andesine. Curiously enough, however, the 
only intrusive rock described by Pirsson?® from the Hopi Buttes is a 
teschenite from Montezuma’s Chair, in which labradorite occurs as stout, 
irregular laths enclosing augite and accompanied by “orthoclase, analcite 
and probably nephelite.” 


TYPE 4—OLIVINE-AUGITE BASALTS 


To find true basalts, rich in basic plagioclase, it is necessary to go beyond 
the limits of the Hopi Buttes proper, to the small outlier of lava on the 
south rim of Lithodendron Wash, at Desert View Inn. There are several 
flows at this place, and at the western end of the outlier there is much 
coarse breccia that suggests a nearby source. Whether or not these lavas 
were erupted at the same time as those discussed is still open to question, 
though the presumption is distinctly in favor of contemporaneity. 

The dominant lava has this percentage content: 

10. Porphyritic, partly serpentinised olivine 

2. Porphyritic pale-brown augite 
40. Pale-green to greenish-brown microlithic augite 
10. Euhedral granules of magnetite 

15. Microlithic labradorite 
12. Interstitial deep-brown glass 

5. Amygdules of serpentine 

6. Patches and veins of calcite 


At the western end of the outlier, some of the lavas have suffered from 
solfataric action, and in these the olivine (25 per cent) is replaced by 
magnetite and hematite, and the augite is rendered a bright yellow. In 
some flows, labradorite may be almost lacking, while analcite, accom- 
panied by calcite, is plentiful both interstitially and in vesicles. Such 
lavas, to be classed as analcite basanites, suggest affinity with the rocks - 
of the Hopi Buttes. 


PLUTONIC EJECTA 


It should be emphasised that the necks and dikes of the Navajo country 
are rich in fragments of plutonic rock, whereas the ejecta in the Hopi 
country are almost devoid of them. Indeed, they have only been found 


WL. V. Pirsson in H. E. Gregory: Geology of the Navajo country, U. 8. Geol. Surv., Prof. Pap. 
93 (1917) p. 87. 
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at one locality in the Hopi Buttes—namely, among the tuffs involved in 
the cauldron subsidence near Indian Wells. Here, pieces up to 6 inches 
long are not uncommon. 

Two types of plutonic rock are represented: one, a dark, deere yiat 
granite, and the other, a pale-pink quartz diorite. The granite has the 
following percentage composition: quartz, 50; orthoclase, 30; altered 
plagioclase, 15; magnetite, 4; and accessories, 1. The quartz diorite is 
essentially made up of sericitised feldspar (andesine, 60, and orthoclase, 
10), quartz, 15; chlorite, epidote, allanite, ore, and apatite. 

These ejecta are believed to have been torn from the pre-Cambrian 
basement beneath the Hopi Buttes. 


CRYSTAL LAPILLI AND BLOCKS 


In the foregoing petrographic notes, reference has been made to the 
paucity of hornblende among the igneous rocks of the Hopi country. 
Locally, however, the mineral must have crystallised abundantly at depth, 
for among the explosive ejecta that carry pieces of granite and diorite 
and in those that underlie the lava cap near Cottonwood Spring, there are 
many ovoid fragments, chiefly composed of hornblende. Other crystal 
lapilli accompanying them are made up entirely of diopsidic augite, and 
yet others include both these minerals and biotite. 

The principal type of crystal clot is illustrated in Figure 5, B. In this, 
hornblende crystals (c.70 per cent), up to 3 millimeters in length, enclose 
augite (20 per cent) poikilitically. The hornblende has these properties: 
X, pale-yellow or yellowish-green; Y, olive-green; Z, dark brownish-green ; 
ZA c= 26°; 2V=70°; dispersion strong, r<v; on 110=1.679; 
y’ = 1.706 + .002. The augite resembles that described from the lim- 
burgite tuffs (p. 124). Iron ores and brown biotite (2V = 10° to 15°) 
make up the remainder. 

Probably these crystal lapilli represent early segregations from the 
monchiquitic magma. 

AGE OF HOPI VULCANISM 

The Cretaceous beds had been widely stripped from the Navajo-Hopi 
region before volcanic activity commenced, and a surface of low relief 
had already been developed in the underlying rocks. This period of 
erosion must have extended throughout most of the Tertiary era. More- 
over, it is apparent, merely from the similarity between the vent-fillings 
and the lava flows, that the Hopi volcanoes have not been deeply dissected. 

At White Cone, close to the northern margin of the Hopi Buttes, and 
not far from the center of the old Hopi Lake, there are tuffs, which are, 
without question, products of the Hopi volcanoes, interbedded with fresh- 
water shales, marls, and sands. Some of the finer sediments, particularly 
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those from 70 to 100 feet above the base of the cone, are crowded with 
excellently preserved shells. Reagan** identified these as Unio, Pla- 
norbis trivolvis Say, and Limnaea stagnalis appressa Say, and concluded 
that they could not be older than Pleistocene. New finds necessitate a 
revision of this view. Among the vertebrate remains found with the shells 
are great numbers of fish vertebrae, pieces of bird and amphibian bones, 
and the broken jaw of a new species of beaver. R. A. Stirton, who has 
kindly examined the last, considers it to be of Middle or Upper Pliocene 
age, probably Middle. 

Further evidence for the age of the Hopi volcanoes has been obtained 
by Childs Frick, on the mesa about 51% miles northeast of Jedito. There, 
in a small outlier of freshwater deposits, including gray sands with lenses 
of gravel and ash, his party obtained plentiful remains of “a huge species 
of camel, presumably of late Pliocene age.”?* Though detached from 
the main outcrop of Tertiary beds on the mesa to the south, there is little 
doubt that these fossiliferous sediments are of the same age. Some sup- 
port is lent to this view by the finding of camel tracks in the upper sand- 
stones of the main outcrop southwest of Jedito. Apparently both the 
camel tracks and the bones were preserved close to the northern shore 
of the Hopi Lake. It is of interest to note further that the cross-bedded 
and ripple-marked sands that form the topmost 70 feet of White Cone, 
above the shales carrying the beaver and fish remains, show a marked 
resemblance to the sandstones bearing the camel tracks. 

The present valleys of the Hopi region must have been cut at the close 
of the Pliocene and during the Pleistocene, and they were largely infilled 
either during an interglacial stage or toward the close of the Pleistocene. 
Bones of mastodon have been obtained by Mr. Roberts in the valley-fill 
of Jedito Wash, a few miles below his trading post. From the paucity of 
volcanic detritus in this valley-fill, it may be concluded that the Hopi 
volcanoes had already been denuded almost to their present state before 
the valleys began to be choked. 


NAVAJO VOLCANIC FIELDS 
GENERAL STATEMENT 
The igneous rocks of the Navajo region are segregated into fairly well- 
defined fields (Fig. 1). From the Hopi Buttes, they are at once dis- 
tinguished by the paucity of lava flows. Hardly less distinctive is the fact 
that most of the Navajo volcanic necks are made up predominantly, not 
_ of columnar lava, but of coarse tuff-breccia and are crowded with frag- 


uA. B. Reagan: The Tertiary-Pleistocene of the Navajo country, Kansas Acad. Sci., Tr., vol. 35 
(1982) p. 258. 
18 Letter, dated September 24, 1934. 
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Ficure 1. CHAISTLA AND UNNAMED VOLCANIC NECK 

Surrounded by Chinle (Triassic) shales. Beyond, Comb Ridge monocline (upturned 

Jurassic sandstones). In background, outlier of Black Mesa (flat-lying Cretaceous 
rocks). 


Ficure 2. ALHAMBRA Rock 
Elongated neck from which two thin dikes extend southward, and one northward 
for ten miles, cutting Permo-Carboniferous sediments. 
Photographs by ‘“‘Rainbow Bridge-Monument Valley Expedition.”’ 


NECKS AND DIKES IN MONUMENT VALLEY 
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Figure 1. Te Neck 
Shows vertical jointing and, faintly, the synclinal structure near the summit of the tuff-breccia 
neck, Cretaceous (Mancos) shales, undisturbed (foreground). 


Ficure 2. SHIPROCK AND RADIAL DIKE 
Shows large dike, about ten feet wide, extending south from the neck. Locally, the shales bordering. 
the dike are baked and eroded to form a parapet. 
Photographs by T. L. Mayes 
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ments of plutonic rock, chiefly of granitic type. Petrographically, also, 
the two provinces differ markedly; in the Hopi Buttes, monchiquitic rocks 
are typical, while in the Navajo region these are far subordinate to 
minettes. Probably the Navajo vents were more explosive. Indeed, 
many of them can never have erupted lavas. How closely they resemble 
the well-known diatremes of the Schwabian Alb, the Rhéngebirge, and 
Central Scotland ** will be apparent from what follows. Like those 
explosive vents, many of the Navajo volcanoes seem to be scattered at 
random, without regard to pre-existing structures. None is located on 
a fault. 
MONUMENT VALLEY VOLCANIC FIELD 

Structural Setting—Monument Valley, with its fantastic, castellated 
crags, is carved from the De Chelly sandstones and the Moenkopi shales 
that occupy the broad and gently rippled top of a domical uplift, bor- 
dered on the south and east by the sharp monocline of Comb Ridge and 
on the west by less-prominent folds that traverse the Rainbow Plateau. 
On the summit of the upwarp, dips of more than 3 degrees are rare, but 
in the flanking folds they may reach 60 degrees. Many intrusions are to 
be found along the Comb Ridge monocline, extending from the village 
of Kayenta in an arc to the San Juan River. These tend to follow a 
strong system of joints, approximately normal to the trend of the mono- 
cline. In Monument Valley itself there is much less regularity in the 
trend and distribution of the intrusions. 


Character of the necks and dikes—For an account of the individual 
intrusions, the reader cannot do better than refer to the succinct descrip- 
tions already given by Gregory. Some general, and a few hitherto un- 
recorded, observations may be added here. 

All the necks rise boldly from the surrounding sediments, despite the 
fact that they consist almost entirely of tuff-breccias. The few thin 
dikes which cut the breccias are not responsible for this resistance to 
erosion; it results, rather, from the compactness of the neck fillings, for 
the fine tuffaceous matrix has been indurated by hot solutions, and much 
of it is cemented by calcite. The absence of strong joints, such as cut 
the adjacent sandstones, is, doubtless, another contributing factor. 

Agathla, the largest of the Monument Valley necks, may be selected 
for detailed description. This huge tapering monolith, visible from a 
distance of 50 miles, rises from a conical pedestal of flat-lying Chinle 


18 W. Branco: Schwabens 125 Vulkan-Embryonen, Stuttgart (1894). 

H. Biicking: Uber die vulkanischen Durchbriiche in der Rhén und am Rande des Vogelsberges, 
Gerland’s Beitrage fiir Geophysik, vol. 6 (1904) p. 267-308. 

A. Geikie: Geology of Eastern Fife, Geol. Surv. Scotland, Mem. (1902) p. 200-283; Ancient Volcanoes 
of Great Britain, vol. 1 (1897) p. 271 et seq. 
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Ficure 6.—Section through Agathla, Chaistla, and the Comb Ridge Monocline 


Jme—Jurassio McElmo (Morrison) formation; Jlp—Jurassic La Plata sandstones; Tch—Triassic Chinle shales; Ts—Triassic Shinarump 


conglomerate; Tm—Triassic Moenkopi formation; Pde—Permian De Chelly sandstone; 


twice horizontal. 


Cg—Pennsylvanian Goodridge formation. Vertical scale, 


shales, to a height of more than 1,000 feet 
and is almost three times as wide at the 
base. Fully nine-tenths of this large col- 
umn is made up of buff and gray tuff- 
breccia, the matrix of which is finely com- 
minuted minette admixed with pulverised 
sediments. Of the larger fragments, per- 
haps two-thirds are pieces of minette, and 
the remainder are foreign inclusions, prin- 
cipally shales and sandstones, accompanied 
by a large variety of plutonic and meta- 
morphic rocks torn from greater depth. 
Blocks more than a yard in diameter are 
scarce, though a few measure 20 feet across. 
By far the greater number measure less 
than an inch. Generally, the sedimentary 
fragments and those of schistose meta- 
morphic rocks are angular. Most of the 
plutonic fragments, on the contrary, are 
well rounded, and some suffered so much 
attrition during the repeated explosions 
which carried them upward to the surface 
that they might well be mistaken for water- 
worn pebbles. Their source is discussed 
on page 167. In this neck, just as in the 
diatremes of the Schwabian Alb, the size, 
number, and angularity of the foreign in- 
clusions generally diminish in proportion to 
the depth of origin. 

Viewed from a distance, a crude, roughly 
synclinal structure may be discerned in the 
tuff-breccias near the summit of Agathla. 
A shallow, saucer-shaped structure may, 
likewise, be detected in the upper parts of 
the Shiprock neck (Pl. 2, fig. 1). Lower 
down the bedding disappears. Vague as 
it is, this stratification implies that the 
original craters cannot have been much 
higher than the tops of the present necks. 
How else, than by falling back into the 
conduit after explosion, could the ejecta 
have developed bedding? 
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Where dikes of minette cut the pyroclastic rocks of Agathla, they follow 
zig-zag courses, intersecting, branching, and swelling at random. Only 
for short distances do they exceed 50 feet in width; for most of their 
courses, they are only about 10 feet wide. At the margins, the dike-rocks 
are usually platy, owing to an alignment of the mica flakes parallel to the 
walls, but, within, they are massive and blocky. Noteworthy is the pau- 
city of inclusions other than plutonic and schistose in the dikes, even 
though the adjacent breccias are heavily charged with fragments of sand- 
stone and shale. Why the magma of the dikes failed to incorporate more 
than a slight amount of sediment and breccia is not clear, for it must still 
have been quite fluid after it had risen to the upper parts of the conduits. 

Metamorphism of the xenoliths and wall-rocks is surprisingly rare. 
Veins of calcite and aragonite cut the breccias locally, but pneumatolytic 
minerals are completely lacking. 

Though most of the necks of this region are approximately circular or 
oval in plan, some are extremely intricate, and tongues of tuff-breccia 
branch in a complex manner so as to enclose large masses of sediment. 
At Church Rock, for example, blocks of Jurassic sandstone, up to 100 
yards across, were wedged free from the walls and incorporated in the 
neck so as to make, with the matrix of pulverised minette, a giant breccia. 
So plentiful and large are the masses of sandstone in a neck near Chil- 
chinbito that they even exceed, in amount, the igneous debris. In the 
Black Rock neck, close to Kayenta, and in the Porras dikes, some of the 
sandstones merge gradually into the pyroclastic rocks or are altered to 
dense quartzites close to ribbons of minette. 

Some of the necks of Monument Valley and vicinity are merely the 
wider parts of dikes. Such are the three necks near Rough Rock and that 
near Oljeto, each of which is infilled with columnar minette. Alhambra 
Rock, a high serrated wall of minette, bearing many inclusions of granite 
and sandstone, is an elongated neck about two miles south of the San 
Juan River. Two dikes, one a foot and the other only six inches across, 
extend southward from the neck, and one continues northward across 
the canyon of the San Juan (PI. 1, fig.2). According to T. L. Mayes, it is 
traceable at least as far north as Cedar Mesa, a distance of ten miles. 


Necks and curved dikes at Boundary Butte—This well-known land- 
mark rises close to the Arizona-Utah line, near the road between Kayenta 
and Shiprock. Here are three volcanic necks associated with several 
curved dikes (Fig. 9, No. 4). Viewed from the northwest, the highest 
neck resembles a ruined castle, and the outermost dike, with its masonry- 
like jointing, a crumbled protecting wall. Rising, as they do, in an 
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amphitheater backed by high cliffs of red sandstone, these features are 
imposing. 

Together, the three necks extend for about a mile in a north-south 
direction. The largest measures a quarter of a mile across and forms a 
rude tower, 300 feet high (Pl. 3, fig. 2). Except for a few dikes of minette, 
it is composed of tuff-breccia like that of Agathla. A narrow ridge of 
breccia, strengthened by a sinuous dike of minette, joins this to a second 
neck, but the northern, and smallest, neck is detached and almost enclosed 
by a curved dike. At the edges of each neck, there are included boulders 
of Jurassic sandstone, as well as pieces of Chinle shale, limestone, quartz- 
ite, and many granitic fragments. 

Bordering the necks are several arcuate dikes, ranging from a foot to 
6 feet wide, composed of dense, locally columnar minette, lightly charged 
with round xenoliths of granite and pegmatite and xenocrysts of perthite 
up to 3 inches in length. Unlike the curved intrusions bordering some 
of the Hopi vents, these dikes are vertical. 


Necks and dikes on the Garnet Ridges.—Near the western foot of the 
sharp peak known as Mule Ear, which rises from Comb Ridge, about 114 
miles south of the San Juan River, there is a craggy hill, oval in plan and 
measuring half a mile by three-quarters. On Woodruff’s map," it is 
indicated as “glacial ?debris”; on Miser’s map,’* as a volcanic neck. The 
Permian sandstone ridges, the valley cut in the Triassic shales, and the 
high cliffs of Jurassic sandstone near the hill run approximately north- 
south, the beds dipping eastward as part of the Comb Ridge monocline. 
The hill itself is composed of ?Permian sandstone, commonly coated with 
iron oxides, so as to resemble igneous rocks even from a short distance. 
These sandstones are much disturbed; in places, they strike at right 
angles to the surrounding rocks, and their dips vary from almost zero 
to verticality. Such a localised body of disrupted sandstones is best 
explained as the result of the upward-punching action of an igneous plug. 
The presence of many thin dikes of minette in the vicinity lends weight 
to this view. In its principal features, the disturbance resembles that 
caused by the cryptovolcanoes of Ohio, Kentucky, and Tennessee. 

Another body of disrupted sandstones may be studied on the Garnet 
Ridge, about 5 miles north-northeast of Dinnehotso. Here, the Jurassic 
sandstones normally dip at angles of less than 3 degrees. But in an area 
measuring about 250 yards across they are broken into large masses that 
lie tilted at angles up to 90 degrees. Between these tilted masses are a 


4 E. G. Woodruff: Geology of the San Juan oil field, Utah, U. 8. Geol. Surv., Bull. 471 (1910) 
pl. viii, p. 80. 
13H. D. Miser: Geologic structure of San Juan canyon, U. 8. Geol. Surv., Bull. 751 D (1924) pl. xv. 
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few thin dikes of decomposed minette charged with plutonic and schistose 
xenoliths. There can be no doubt that the fracturing is here due to a 
larger buried intrusion of minette. 

Garnetiferous xenoliths are almost ubiquitous in the necks and dikes 
of the Navajo country, but nowhere are they more numerous than in 
the vicinity of the two bodies of disturbed sandstone just described. The 
garnet is of the pyrope variety and occurs in granitic and dioritic xenoliths 
of more or less 
gneissoid aspect, 
some of which 
are well rounded 
and measure up 
to 5 feet in diam- 
eter. Accompa- 
nying them are 
fragments of 
hornblende schist, 
tremolite, talc 
schist, quartzite, 
and limestone. 
Prior to Greg- 
ory’s work, they 
were regarded as 
glacial in origin,4™ 


Ficure 7.—Wildcat Peak neck 


eae View from the south. Shows north-south monchiquite-alnoite dikes 
but it is now clear extending from neck. 


that they were 
carried to the surface, partly by explosion and partly as inclusions in 
minette magma. Their significance is discussed hereafter. 


TUBA VOLCANIC FIELD 

General statement.—Along the western margin of the Navajo Reserva- 

tion, there is a small igneous cluster, comprising two necks and several 

thin dikes. The general trend is north-south, parallel to the strike of the 
invaded sediments. 


Tuba Butte—Near the edge of the plateau, about 6 miles northwest of 
Tuba City, there is a neck of dense monchiquite enclosed by cross-bedded 
Jurassic sandstones, forming an oval hill about 600 yards long and 300 
feet high. For part of its circumference, the central pipe is encased by 
an older sheath of pépérite, made up of compact, unbedded sandstone, 
stippled with monchiquite lapilli and cut by thin, curved sheets of lava. 
Apparently, when the vent was drilled by explosion, the cross-bedded 
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Jurassic sandstone was thoroughly pulverised, rather than coarsely brec- 
ciated, and was then admixed with tiny clots of magma at low temperature. 


Wildcat Peak.—This neck rises on the Kaibito Plateau, northwest of 
Red Lake, and resembles the Tuba neck in having a central mass of 
monchiquite and a peripheral collar of pyroclastic debris. It differs, 
however, in the presence of associated dikes. Beyond the neck, these dikes 
range in width up to 8 feet, rarely depart more than 20 degrees from the 
vertical, and maintain an almost north-south direction (Figs. 7 and 9, 
No.5). Their margins are usually platy and vesicular, and the sandstone 
walls appear to be unaltered. Petrographically, the dike-rocks are of 
interest because they include the only alnoites of the Navajo country. 

The neck itself is very irregular in plan, and approximately a third of a 
mile in diameter. Primarily, it is formed by the coalescence and swelling 
of the dikes just mentioned. Within and surrounding this dike complex 
are huge masses of sandstone, some a hundred yards across, and tuff- 
breccias made up of fractured sandstone, shale, and monchiquite. Many 
of the smaller sandstone chips have been converted to quartzite, and the 
sandstone walls of the dikes have been altered locally to glass (buchites). 


Moenkopi dike.—Southwest of the village of Moenkopi, on Ward Ter- 
race, there is a prominent dike, about 2 miles long, bordered at its northern 
end by three short, parallel branches. For part of its course, the dike 
stands up as a vertical-sided comb, but, where the confining walls of sand- 
stone have been slightly indurated and rendered more resistant to erosion, 
it forms the floor of a corridor between walls of sandstone. Thin screens 
of sandstone may be found incorporated in the dike, where it swells. 

The dike itself varies from a foot to 9 feet in width. Marginally, it is 
composed of dense, black monchiquite, but, within, it is rotten and vesicu- 
lar, and, owing to the much greater proportion of mica, merges into ouachi- 
tite. Veins of calcite run parallel to the walls. The dikes referred to by 
Gregory, near Moa Ave and in the Echo Cliffs, duplicate many of these 
features. 

CHUSKA AND REDROCK VALLEY VOLCANIC FIELDS 

General statement.—In the northeast corner of the Navajo Reservation, 
confined on one side by the Chuska Mountains and the laccolith of Carrizo 
Mountain, and, less distinctly, on the other by Dutton and Chaco plateaux, 
are the Redrock and the Chuska valleys. The former is cut principally 
in the eastward-dipping Triassic and Jurassic rocks, and the latter in a 
shallow syncline of Cretaceous beds (Fig. 8). 


Chuska Valley field—For a distance of about 30 miles, the highway 
from Gallup to Shiprock is bordered by at least six necks and about 20 
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dikes, the remnants of an extensive volcanic field. Several of the necks 
are entirely composed of fragmental debris and can never have erupted 
lava. 

Shiprock itself rises about 1400 feet above the surrounding flats and 
has a basal diameter of more than a quarter of a mile. This enormous 
mass is essentially made up of fine minette tuff-breccia, admixed with 
fragments of sediment and plutonic rocks. Toward the top of the neck, 
there is an inward-dipping stratification (PI. 2, fig.1). Irregular, anasta- 
mosing dikes traverse the breccia, but constitute only about a twentieth 
of the mass. In these, the inclusions are almost all of granite and diorite. 
Similar dikes radiate from the neck, one of them extending southward as 
a great black wall, up to 10 feet in width, for a distance of more than 
two miles. The courses of these radial dikes, though generally straight, 
are marked in detail by many small offsets arranged en échelon. 

No better example of a linear series of vents can be found in the Navajo 
country than that which runs through Barber Peak. Indeed, the peak 
itself appears to represent a line of three or four necks, partly separated 
by thin screens of sandstone. Though closely associated with dikes of 
minette, the necks themselves are composed entirely of sand-like tuff 
charged with small lapilli of minette, sediment, and very rare chips of 
plutonic rocks. That these necks have not been deeply dissected is sug- 
gested by the fact that the northernmost is bordered by a small outlier 
of outwardly dipping tuffs, apparently a remnant of the original cone. 

The southernmost of the Chuska Valley necks are Bennett Peak and 
Ford Butte, adjacent to which are many thin dikes. A few ribbons of 
minette cut Bennett Peak, but, otherwise, both necks are wholly made 
up of tuff-breccia. Sedimentary inclusions measuring more than an inch 
in length are rare, and it required a long search to find pieces of granite 
or diorite. Though the thorough mixture of finely comminuted sediments 
and minette is itself indicative, the proof that these vents were formed 
by repeated explosions is especially clear on Ford Butte, where blocks of 
red and brown tuff-breccia lie in a paler matrix of the same. 


Redrock Valley field—A cluster of dikes and necks occurs in the valley 
bordering the south and east base of the Carrizo laccolith. Several of 
these were not examined during the present study. Contrasted with the 
necks of the Chuska Valley, these conduits are mainly infilled with lava 
rather than with explosive ejecta. Mitten Rock, the largest vent, is 
approximately three-quarters of a mile in length, and extremely intricate 
in plan, with long fingers projecting into the enclosing shales. The minette 
of which this neck is composed is an unusually feldspathic variety, the 
most siliceous of the Navajo region. Lying in a pale-gray base are many 
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nodules of diopside, up to 9 inches in length, and sporadic xenoliths, among 
which granites predominate over sandstone and shale. Much of the lava 
is columnar, and some of it may, indeed, represent a surface flow. 

Some of the Redrock necks are particularly rich in foreign inclusions. 
Thumb Rock, for example, is a cylindrical column of vesicular, biotite- 
rich minette, in which xenoliths of garnetiferous granite, diorite, and 
gneiss, with fragments of varicolored shale, sandstone, quartzite, and 
marble make up approximately 19 per cent of the mass. Few of these 
inclusions exceed 3 inches in length, and none measures more than 3 feet 
across. As in other necks, the plutonic fragments are more rounded than 
the sedimentary. In the northern necks of this field, granitic inclusions 
are far subordinate to those of baked shale, and the lava-fillings are of 
olivine-rich monchiquite instead of minette. 


ZILDITLOI VOLCANIC FIELD OF THE DEFIANCE MONOCLINE 


Generai statement—The Defiance monocline runs approximately 
north-south, close to the Arizona-New Mexico boundary. Within a zone 
from 5 to 8 miles wide, the beds dip eastward at angles up to 40 degrees, 
but beyond, they rapidly flatten. The Mesozoic and Paleozoic sediments 
of this monocline had already been folded and deeply eroded, and Tertiary 
sediments had been deposited upon them when vulcanism commenced. 
Of the broad sheets of lava and tuff that were erupted, there are now only 
a few remnants along the crest and flanks of the Chuska Mountains. 
These rest on a very irregular surface; thus, within 15 miles, between 
the outliers of Tubby and Sonsela buttes, the lava base shows a difference 
of elevation of about 1,000 feet. 

In accordance with Gregory’s division, three volcanic fields may be 
isolated for purposes of discussion—the Zilditloi, the Wheatfields, and 
the Chuska Mountains fields. 

Most of the necks and dikes associated with the Defiance monocline 
are aligned in a direction at right angles thereto. One group of intrusions 
crosses the monocline about 10 miles north of Fort Defiance. 

Fluted Rock, at the western end of this group, is a flat-topped laccolith, 
approximately oval in plan and with a major diameter of half a mile. 
It consists of a strongly columnar cake of minette, at least 150 feet thick, 
on top of which are a few relic patches of vitrified quartzite (p. 157). 


Cauldron Subsidence of Buell Park.—The geologist who visits this vol- 
canic country is not likely to forget the beautiful depression known as 
Buell Park, which lies north of Fort Defiance and close to the Arizona- 
New Mexico line. Even the aerial photograph (PI. 4, fig. 2) will convey 
to the reader some idea of its unique setting. Let him imagine a basin, ap- 
proximately 214 miles in diameter, bordered by cliffs of bright red sand- 
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stone up to 1,000 feet in height, and a floor of pale-green pasture con- 
trasting with the dark green forest on the surrounding plateau. 

This depression lies at the margin of the Defiance plateau and on the 
edge of the Defiance monocline. To the west of Buell Park, De Chelly 
(Coconino, Permian) sandstones are either horizontal or nearly so; in 
the walls of the park, they dip eastward at low angles; farther east, 
they plunge beneath the Shinarump conglomerate and the Chinle (Tri- 
assic) shales, which form the floor of the Defiance Valley. The Triassic 
rocks, in turn, pass beneath Jurassic and Cretaceous sandstones which 
form the flanks of the Chuska Mountains, farther east. Resting uncon- 
formably on all these inclined beds are the white Chuska (Tertiary) 
sands and associated volcanic rocks that make up the even crest of the 
Chuska Mountains (Fig. 10). 


Rocks of Buell Park.—The oldest volcanic deposits within the park 
are pale, sage-green lapilli-tuffs. These underlie the long banks of 
talus that descend from the sandstone cliffs, and, though partly covered 
by sandstone debris, they form most of the low, rounded hillocks on 
the floor of the park. They are also exposed on the lower slopes of 
Peridot Ridge and Buell Mountain. At the last-named locality, they are 
at least 800 feet thick. The matrix of the tuffs is a highly decomposed 
minette or trachybasalt, studded with bright green relics of diopside and 
yellowish-green, serpentinised granules of olivine (Fo,;). Bedding can 
rarely be detected. On Buell Mountain and elsewhere close to the walls 
of the park, the dips are inward at angles of 30 degrees, or less, but on 
the floor of the depression the beds roll irregularly at low angles. En- 
closed in the green, poorly bedded matrix are abundant lapilli and small 
blocks, measuring up to 6 inches across. These include hornblende and 
biotite granite, hornblende diorite, garnetiferous diorite gneiss, marble, 
muscovite-, hornblende-, and chloritoid-schists, quartzite, chert, red and 
black slate, limestone, red sandstone, shale, and rare fragments of pyrox- 
enite (websterite, made up of bronzite and bright green, pleochroic 
diopside). Decomposition of the garnetiferous gneisses has set free large 
numbers of rounded, pyrope crystals, which, together with the large grains 
of olivine from the enclosing tuffs, have long been collected by the Indians 
as 

There can be no doubt that these green lapilli-tuffs underlie the entire 
floor of the park, but to what depth is unknown. Overlying them are 
dark-brown lapilli-tuffs, well-exposed in the isolated crag near the center 
of the park, and again on the flanks of Peridot Ridge. Their maximum 


1¢H. E. Gregory: Geology of the Navajo country, U. S. Geol. Surv., Prof. Pap. 93 (1917) p. 94-95. 
D. B. Sterrett: Mineral Resources of the United States, Part ii (1909) p. 832-835. 
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thickness is approximately 300 feet. Sterrett, who referred to these 
rocks as peridotite agglomerates, was impressed by their resemblance 
to kimberlite. Except for their brown color, which results from finely 
disseminated iron oxides, they are not essentially different from the green 
lapilli-tuffs already described. Indeed, they may originally have been 
of the same color, but have suffered more from the oxidizing effect of 
hot gases. 

The youngest pyroclastic deposits are scoriaceous tuff-breccias, charged 
with abundant blocks of lava. These are restricted to the southern end 
of Buell Mountain, where they are approximately 100 feet thick and dip 
toward the center of the park. 

Resting on these fragmental rocks, and forming the higher parts of 
Buell Mountain, is a cap of pale-gray, columnar trachybasalt, which also 
dips inward. Lithologically, the lavas are almost identical with the pale 
minettes which form certain of the dikes on the floor of the park, being 
composed essentially of sanidine or orthoclase microliths, biotite, diopside, 
and a little olivine. Throughout most of their length, the flows dip from 
10 to 20 degrees, but at their southern end they poured down a much 
steeper slope, following a narrow valley cut in the underlying breccias. 

On Peridot Ridge, the lapilli-tuffs are intruded by a curved dike, up 
to 35 feet in width, composed of blocky and rudely columnar, black, 
leucite-bearing minette, markedly similar to the lavas forming the outlier 
on Zilditloi, 34% miles east of the park. At several places, the course 
of the dike is interrupted by right angle offsets, the largest of which 
displaces the trend of the intrusion as much as 20 yards. For short dis- 
tances, the dip of the dike is outward at high angles, but for the most 
part it is vertical. No metamorphism can be observed at the contact 
with the lapilli-tuffs, and there are no included fragments of foreign rock 
such as are common in the pyroclastic ejecta. 

In addition to this ring dike, the map (Fig. 9, no. 1) shows two shorter, 
straight dikes. One of these is 40 feet wide, and the other 15 feet; both 
are composed of pale, leucite-free minette. 


Origin of Buell Park.—Wherever the pyroclastic rocks are observed 
adjacent to the Permian sediments forming the walls of the park, the 
contact is either vertical or dips inward at high angles. In the gully 
north of Buell Mountain, this steeply inclined contact can be traced at 
intervals through a vertical distance of about 800 feet. At one point 

on the eastern wall of the park, the Permian sandstone is slickensided 
vertically along the contact. Unfortunately, the contact along the south- 
ern and western walls, which are much less steep, is obscured by talus. 
From the foregoing it seems permissible to infer that Buell Park owes 
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its origin to a cauldron subsidence.’’ A cylindrical block, approximately 
21% miles in diameter, must have collapsed at least 1,000 feet. Whether 
this occurred before or after the deposition of the volcanic rocks is not 
quite certain, for the inward dips of the latter may as well be due to 
the falling of the ejecta into a pre-existing depression as to downward 
sagging during collapse. In many other cauldron subsidences, an inward 
dip has been attributed to this second cause. If the lapilli-tuffs were 
not so obscurely bedded, it might be possible to decide between the 
two possibilities. ; 

Source of the volcanic rocks ——In the whole Navajo country, there are 
no other tuffs that remotely resemble those of Buell Park, except those 
in the Green Knobs neck, about 4 miles to the northeast, and even those 
bear only a general similarity to the green lapilli-tuffs. They differ 
chiefly in the size and proportions of the various foreign lapilli. Thus, 
at the Green Knobs the foreign fragments are generally larger, and some 
of them measure as much as a yard across, and the granitic fragments 
are relatively much more abundant than in the tuffs of Buell Park. 
Changes in the proportions of lapilli and blocks are to be expected at 
different levels in a volcanic neck, and, of course, if the Green Knobs 
neck were really the source of the tuffs of Buell Park it should be ex- 
pected that the fragments would become smaller with increasing distance 
therefrom. It cannot be denied, however, that the source may be within 
the park itself. Although the dips of the tuffs are too indefinite to suggest 
that an open fissure may once have existed beneath Peridot Ridge, it is 
possible that a vent lies beneath the alluvium in the center of the depres- 
sion. 

The source of the lava flows is also open to question. It was thought 
that perhaps they rose through curved fissures near the north wall of 
the park, but no such channels could be found. Apparently, the source 
lies beyond the rim of the park. Thirteen miles to the north, on East 
Sonsela Butte, there are lavas which are almost identical in appearance, 
and it may be that they are products of the same vent. Had the lavas 
of Buell Park risen from a conduit near the center of the depression, 
some trace of it might reasonably be expected. 

Though not conclusive, the evidence seems to favor the view that a 
thick mantle of tuffs and lavas formerly covered Buell Park and an 
extensive area beyond. All that remains of this mantle is the part 
preserved in Buell Park by cauldron subsidence, and even this is rapidly 
being removed by erosion. The stream that now crosses the park, cutting 


1? As defined by C. T. Clough, H. B. Maufe, and E. B. Bailey: The cauldron-subsidence of Glen 
Coe and the associated igneous phenomena, Geol. Soc. London, Quart. Jour., vol. 65 (1909) p. 611-678. 
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through its walls at their lowest points, was possibly consequent on the 
initial slope of the volcanic rocks before the subsidence. 


Outlet Neck and the Beast—Outlet Neck, at the south end of Red 
Lake, has a core of blocky minette, partly encased in a sheath of breccia, 
composed essentially of comminuted lava, pieces of Chinle shale, pebbles 
from the Shinarump conglomerate, and enormous blocks of Jurassic sand- 
stone. Many of the sandstone blocks, as they slumped down into the 
volcanic pipe from the fractured walls, were tilted at high angles, and, 
in places where they were later cut by dikes of minette, they were con- 
verted to columnar quartzites and buchites. For a few inches from the 
dikes, the vitrified sediments are usually peppered with tiny inclusions 
of minette that must have been incorporated while the sandstones were 
still incoherent and unaltered. It should be emphasised, however, that 
the metamorphism of sediments bordering this and the adjacent necks 
is extremely local. 

The Beast, a neck so called from its resemblance to a crouching lion, 
duplicates many of the features of Outlet Neck, though tuff-breccias here 
predominate far over dikes. Some of the latter reveal an interesting 
transition of minette into monchiquite. In both necks, xenoliths of 
plutonic rocks are very rare. 


The Green Knobs.—A group of low, rounded, sage-green hills borders 
the Fort Defiance road, a mile and a half north of Red Lake. These 
are the remnants of a circular neck, a third of a mile in diameter. The 
singular color of these hills and their gently molded slopes, in contrast 
with the dark crags of The Beast and Outlet Neck, result from the 
peculiar character of the neck-filling. Here, instead of a massive tuff- 
breccia stiffened with dikes of minette, is a paste of minette so soft and 
rotten as almost to resemble a micaceous mudstone. No less distinctive 
is the abundance and variety of xenoliths, and especially the great num- 
ber of plutonic fragments. Throughout much of the neck, the xenoliths 
actually make up a third of the bulk, and, among them, granitic types 
constitute about two-thirds. A few of these inclusions measure a yard 
across, but most of them are less than an inch in diameter, and all are 
fairly well rounded. Accompanying the granites are garnetiferous dio- 
rites and diorite-gneisses, dark-green nodules of harzburgite and lherzo- 
lite, pegmatites, large crystals of perthite, and chips of blue-black slate, 
as well as the usual pieces of Chinle shale and Jurassic sandstone derived 
from the adjacent walls. 

- Lilditloi lava cap.—Outlet Neck, The Beast, and the Green Knobs lie 


in a valley eroded from the Chinle shales. Bordering this valley on 
the east is a line of imposing cliffs of Jurassic and Cretaceous sandstones 
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that dip eastward at angles of 10 to 20 degrees. On Zilditloi Mountain, 
about 1,500 feet above the valley floor, these inclined beds are capped 
unconformably by an outlier of volcanic rocks, up to 250 feet in thick- 
ness (Figs. 11, 12), composed of columnar trachybasalt, in which lie 
sporadic xenoliths of norite, biotite granite, and quartzite, resting on 
lapilli-tuffs. Either The Beast or Outlet Neck may have been the source 


The volcanic neck, with Zilditloi Mountain in the background. Cliffs at base, of pink La 
Plata Sandstone; wooded slopes above, of McElmo (Morrison) and Cretaceous beds, overlain 
by a cap of columnar trachybasalt. 


of these ejecta; if so, the necks have been eroded to a depth of at least 
1,200 feet. 

Intrusions in Todilto Park.—At the eastern end of the Zilditloi volcanic 
field, among the gently folded sandstones of Todilto Park, rises Beel- 
zebub, a prominent neck of lava, coated with coarse tuff-breccia. In 
addition to the several short dikes that spread from this neck, there are 
others in the vicinity, the largest of which attains a width of about 100 
yards. This intrusion is noted particularly, for it is made up of irregular 
sheets of olivine leucitite and minette that cut a sandstone-lava breccia. 
It is the most leucitic intrusion of the Navajo country. 


WHEATFIELDS VOLCANIC FIELD OF THE DEFIANCE MONOCLINE 


General statement.—Another cluster of dikes, necks, and lava caps 
lies to the north of the Zilditloi field, in the drainage area of the streams 
that flow westward into the Canyon de Chelly (Fig. 8). 


Necks and dikes.—The largest vent in this field was perhaps at Black 
Pinnacle, a neck of platy and columnar minette, elongated in a north- 
‘west-southeast direction. At the western end of this body the sand- 
stone walls have been converted to quartzite and buchite for a few 
inches from the contact. Breccia forms only a small part of the intru- 
sion, and fragments of granite are both rare and small. 
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A second neck lies in the wooded flats about a mile south-southwest 
of Tubby Butte. Contrasted with Black Pinnacle, this vent is almost 
wholly made up of coarse tuff-breccia in which are scattered many large, 
angular blocks of unaltered red sandstone and gray shale, though the 
dike of platy minette which traverses the neck carries few other than 
granitic inclusions. 

A third breccia pipe, cut by dikes of minette, crops out at the western 
end of East Sonsela Butte and may well represent the vent from which 
the lavas capping the two Sonsela Buttes were erupted. 

A fourth breccia neck rises between the Sonsela Buttes and the Pali- 
sades and is associated with three radial dikes. 


Lava caps.—The flows and tuffs erupted from the necks just enumer- 
ated form the outliers of the Palisades, Sonsela and Tubby buttes, but 
there is nothing of material importance to add to the notes of Gregory 
concerning them. 


CHUSKA MOUNTAINS VOLCANIC FIELD OF THE DEFIANCE MONOCLINE 


The rocks just described under the headings, Zilditloi and Wheatfields 
volcanic fields, occur near the western base of the Chuska Mountains; 
other groups of dikes and flows of lava lie scattered near the crest of 
the range (Fig. 8). In some places, the lavas rest on bedded tuffs, up 
to 300 feet in thickness, but usually they were deposited directly on 
white Chuska sands of Tertiary age. That broad valleys had been cut 
in these sands before the lavas escaped is clear from a study of the 
outliers in Washington Pass and east of Greasewood, where series of 
superposed flows, up to 400 feet in total thickness, occupy old channels. 
The lavas vary widely in field appearance, though ail are trachybasalts. 
Some flows, including those near Greasewood and in the Lukachukai 
Mountains, are dense, black, columnar rocks, lightly sprinkled with 
pieces of granite, diorite, sandstone, and shale; in Washington Pass, on 
the contrary, extremely coarse-grained flows, with large crystals of oli- 
vine, augite, biotite, and sanidine, are overlain by pale-gray, highly felds- 
pathic types, in which it is difficult for the unaided eye to recognise 
more than an occasional phenocryst. This succession of flows is identical 
with that on East Sonsela Butte and in the Palisades. Concerning the 
dikes of this volcanic field, it is enough to say that among those in the 
Lukachukai Mountains are several which are characterised by their low 
content of mica; these approach vogesites in composition. 


TWIN CONES VOLCANIC FIELD 


No more instructive nor conveniently studied volcanic necks can be 
found than those which rise from the Cretaceous sandstones a short dis- 
tance south of the main highway, about 6 miles southwest of Gallup. 
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The largest of these is selected for description. In outline it is extremely 
complicated, and the fragmental filling is riddled with branching dikes 
of minette. Cliffs, up to 150 feet high, reveal the character of the neck 
to perfection. Fully 90 per cent of the fine tuff-breccia consists of pul- 
verised Cretaceous sandstone; the remainder is made up of lapilli and 
blocks of minette. Noteworthy are the many small high-angle faults, 
of a foot, or even smaller, displacement, and the contorted ribbons of 
white sand that run through the dominant buff sand of the filling. The 
impression is forced upon one that the neck was drilled by repeated 
explosions, in such a fashion that the massive Cretaceous sandstones 
were so finely comminuted that individual grains were intimately ad- 
mixed with tiny chips of minette. A feature difficult to account for is 
the absence of any large blocks of sandstone; the unbedded sandstone- 
tuff mixture abuts sharply against the undisturbed, evenly bedded wall 
of the neck. It may be that the sandstone in the neck was already partly 
disintegrated, by vapors and hot solutions which dissolved the cement, 
before the vent was opened by explosion. The minor faults and the con- 
torted ribbons of white sand are to be ascribed to a settling and a re- 
sorting of the ejecta, following explosion. When it is observed that 
beds of coal show no trace of coking within a few feet of the sides of the 
neck, it cannot be doubted that the eruptions were of low temperature.’* 
One other feature of the neck deserves mention; namely, the presence 
in the tuff-breccias of many rounded fragments of alaskite, up to 18 
inches across, and fewer pieces of quartz porphyry, Jurassic and Creta- 
ceous sandstone, and baked ? Chinle shale. 
AGE OF THE NAVAJO VOLCANOES 

No fossils have been found in the Tertiary sediments associated with 
the Navajo lavas and tuffs. There is, however, no reason for doubting 
that the Navajo volcanoes were active at the same time as those of the 
Hopi Buttes—namely, during the Middle and the Upper Pliocene. After 
volcanism had ceased, at least 1,200 feet of igneous and sedimentary 
material were removed from the tops of the necks in the Defiance Valley, 
whereas in Monument Valley, according to Gregory, the thickness of 
strata removed amounts to 2,000 or 2,500 feet. In these two regions, 
erosion must have been much more rapid than in the Hopi Buttes. 


PETROGRAPHY OF THE NAVAJO ROCKS 
SUMMARY 
_ The dike rocks and lavas of the Navajo country are basic, alkaline 
rocks, characterised by a high content of potash. Associated with them, 
though only briefly mentioned in these notes, is a large laccolith of diorite 


18 J. D. Sears: Geology and coal resources of the Gallup-Zuni basin, New Mexico, U. 8. Geol. Surv., 
Bull. 767 (1925) p. 19; see pl. vi for a view of this neck. 
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porphyry. By far, the dominant type of dike-rock is minette. In Monu- 
ment Valley this is, indeed, the only type, but along the Defiance mono- 
cline and among the intrusions of the Redrock and Chuska valleys, it is 
accompanied by monchiquites. Still farther south, as already noted, 
minettes are entirely lacking in the Hopi Buttes. Some of the Navajo 
minettes carry leucite, and these merge into olivine leucitites. Vogesites 
are only poorly represented, and alnoite is restricted to a single intrusion. 

The lavas of this region are perhaps best termed trachybasalts, and 
are identical mineralogically with the minettes. Acid and intermediate 
flows and dikes are completely absent. 

Xenoliths, especially acid plutonic rocks and sedimentary fragments 
torn from the adjacent walls, are strikingly abundant in the Navajo in- 
trusions. Metamorphism is remarkably slight, though locally thin zones 
of quartzite and buchite are developed. 


INTRUSIVE ROCKS 


Minettes——There is, of course, much variation in the texture of the 
minettes over this wide area, but the proportion of the main constituents 
remains roughly the same. All are essentially intergrowths of alkali feld- 
spar, diopside, and biotite in the approximate ratio 2 : 2 : 1, accompanied 
by accessory ores, olivine, apatite, and calcite. They range in color from 
pale gray in the feldspar-rich varieties to almost black through shades 
of brown and green. Though generally massive and blocky, they become 
platy at the margins of intrusions, owing to a parallel alignment of 
the mica flakes. 

Contrasted with the brownish-green pyroxene of the Hopi rocks, the 
pyroxene of the Navajo minettes, though pale green in hand specimens, is 
usually colorless in thin section. Analysis (No. 16) and optical data 
indicate diopside. « = 1.676; 8 = 1.683; y = 1.706 + .002; 2V = 55°- 
60°; Z A c = 38°-40°; Sp. Gr. = 3.46. The larger phenocrysts are rarely 
longer than one millimeter and may be spongily infilled with brown glass. 
In a few minettes, the diopside is fringed with aegirinaugite, and occa- 
sionally it is terminated by small needles of sodic amphibole, pleochroic 
from deep bluish-green, X, to yellowish-green, Z, and extinguishing, 
X A c= up to 5°. Clots of diopside crystals occur as lapilli in some of 
the minette tuffs. 

Biotite is generally present as two generations. The phenocrysts are 
commonly arranged in flow-bands and show an intense zoning from deep 
brown or russet on the outside (y = 1.658) to pale yellow within (y = 
1.640). The analysed biotite (Nos. 17 and 18) is distinctly phlogopitic 
(y = 1.602-1.625; Sp. Gr. = 2.67 + .02). The microlithic biotite has the 
same color as the dark rims of the phenocrysts. 
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Olivine is rare and is largely replaced by serpentine and/or iron oxides. 
In most of the minettes, it constitutes less than 2 per cent of the volume, 
though in a few it makes up about 10 per cent, and may there be attended 
by small grains of green spinel. 

Hornblende is all but absent; in its only occurrence, in a minette from 
Conical Butte, Monument Valley, it is restricted to a few resorbed olive- 
green crystals. 

The iron ore (4 to 10 per cent) is a titanium-poor magnetite. 

Plagioclase has not been detected, all the determinable feldspar being 
orthoclase and sanidine, the latter predominating. In many of the 
minettes, uniaxial sanidine forms subhedral crystals, up to 2 millimeters 
long, enclosing all the other constituents poikilitically, as it does in the 
trachybasalts. Normally, however, the feldspar occurs as a felt of micro- 
liths. Analcite, more or less zeolitised, may appear in small amount, but 
nepheline, if present, escapes detection. The leucite-bearing minettes 
are referred to on page 152. Interstitial glass is confined to a few fine- 
grained types. 

Calcite is widespread both interstitially and in amygdules; barite 
occurs in a minette from Boundary Butte. Apatite forms between one 
and two per cent of an average specimen. Finally, primary quartz mo- 
saics are developed in the interstices of the acid minette of Mitten Rock 
(Analysis No. 13; Fig. 14, A). 

Compared with the minettes of most other regions, those of the Navajo 
country are poor in xenocrysts. Corroded crystals of quartz, with reac- 
tion rims of diopside, are seldom seen, and xenocrysts of microcline and 
perthite have only been noted in a single slide, from a dike on Whiskey 


Creek. 
Modes of three analyse’ specimens 
38a 33b 34a 
(Dike south of Shiprock) (Dike in Shiprock) (Mitten Rock) 

5 


The acid minette of Mitten Rock is heavily charged with hornblendic 
inclusions (Fig. 14, B) almost identical with those in the diorite porphyry 
of the Carrizo laccolith. Clots of hornblende may also be found in some 
of the minette tuff-breccias. 
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Mica-poor dikes—At View Point, in the Lukachukai Mountains, there 
are several intrusions characterised by their low content of biotite. It 
seems inadvisable to coin a new name for these rocks; consequently, they 
are here referred to as analcite- and olivine-bearing diopside vogesites. 
Texturally, they do not differ from the minettes. 


Modes of two extreme types of mica-poor dikes 


Per cent of volume 
Colorless and pale-green diopside.................... 29 24 
Analcite, largely 13 23 


Leucite-bearing dikes—Among the Navajo dikes, only two have been 
observed to carry leucite. One is an olivine leucitite, forming part of the 
intrusion in Todilto Park referred to by Gregory as “Dike B,” and the 
other is a leucite minette, forming part of Peridot Ridge in Buell Park. 
Each type merges in the same intrusion into normal minette as the con- 
tent of olivine and leucite falls, with a relative increase of mica and 
orthoclase. The reciprocal relation of these two pairs of minerals has 
often been recorded. 

Figure 13, C, illustrates the texture of the leucitite. Mineralogically 
and chemically (Analysis No. 6), it bears a notable resemblance to the 
missourites of the Highwood Mountains of Montana. Leucite (28 per 
cent), slightly altered and carrying granules of pyroxene, ranges in 
diameter up to 0.5 millimeter. Phenocrysts of diopsidic augite and ser- 
pentinised olivine, in the ratio 2:1, together constitute 38 per cent. 
Pale phlogopitic biotite (4 per cent), microlithic brown augite (16), 
titanomagnetite (4), tiny laths of either orthoclase or sanidine (8), with 
perhaps a little analcite and acicular apatite (2 per cent), make up the 
dense groundmass. Specks of purple fluorite appear in some of the rocks 
transitional between leucitite and minette in this intrusion. 

The leucite minette dike in Buell Park is so nearly identical with the 
columnar lava flows described on page 154 that further reference may here 
be omitted. It may be noted, however, that the olivine, which is so 
plentiful in the tuff-breccias bordering this dike, carries only about 7 per 
cent of the fayalite molecule (a—1.650; 8=1.668; y — 1.684; Sp. 
Gr. = 3.333). 


Monchiquites and alnoites—Feldspar-free intrusions are not common 
in the Navajo country. In some of the dikes of Chuska Valley and on 
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The Beast, however, normal minettes merge into monchiquites as ortho- 
clase gives place to analcite. 

Dikes of coarse-grained, olivine-rich monchiquite crop out in the Red- 
rock Valley field. In one of these, olivine, largely altered to antigorite, 
actually comprises a quarter of the bulk; diopsidic augite, 38 per cent; 
biotite, 15; iron ore, 10; the remainder consists of interstitial fresh anal- 
cite, bearing needles of apatite. Somewhat similar monchiquites, heavily 
charged with calcite, form the intrusions on Echo Cliffs and Tuba Butte. 

An interesting variation may be examined in the large dike of amygda- 
loidal monchiquite near the village of Moenkopi. Marginally, the dike 
contains 60 per cent of pale-brown augite; 10, of altered olivine; 5, of 
biotite; 7, of ore; the remainder consisting of interstitial serpentine, 
calcite, and zeolites with accessory apatite. Toward the interior of the 
dike, the content of olivine falls to 5 per cent, that of biotite rises to almost 
20 per cent, and fresh analcite makes up 4 per cent. The proportion of 
augite and ore is nearly constant. There is, thus, an inward passage 
from monchiquite to a type not far removed from ouachitite. 

It remains to discuss the nepheline- and melilite-bearing dikes of Wild- 
cat Peak. In the coarse-grained type (Fig. 5, A; Analysis No. 1), augite 
forms long blades, elongated along both the ‘b’ and the ‘c’ axes, the 
interiors being very pale-brown (Z A c = 48°) and the exteriors a green- 
ish color due to a higher content of soda (Z A c= 56°). In addition, 
olivine, partly altered to bowlingite and hematite, biotite (a = 1.645- 
1.662), and granules of ore lie in a colorless matrix, which staining 
methods indicate to be chiefly nepheline, accompanied by orthoclase or 
sanidine and a little analcite. This rock may be termed a nepheline mon- 
chiquite. In the long dike that extends southward from the peak the 
same minerals recur, though in different proportions (see modes), and 
accompanied by small prisms of melilite, first detected by the keen eye 
of Pirsson.’® 


Modes of Wildcat Peak intrusions 
Nepheline monchiquite Alnoite 


Nepheline and 20 5 


LL. V. Pirsson, in H. E. Gregory: Geology of the Navajo country, U. 8. Geol. Surv., Prof. Pap. 93 
(1917) p. 108-104. 
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THE NAVAJO UAVAS 


Just as the predominating lavas of the Hopi Buttes are the surface 
equivalents of the associated dikes of monchiquite, so the Navajo lavas 
correspond to the associated minettes, and may be classed as sanidine 
basalts (trachybasalts). 

The earliest flows in the outliers of East Sonsela Butte, Washington 
Pass, and the Palisades, are dark-green, columnar, and coarse-grained 
lavas, rich in red pseudomorphs after olivine, large prisms of augite, and 
glistening flakes of biotite. An average micrometric analysis shows the 
following percentages: olivine, 5; augite (« = 1.685; Z A c= 40°-42°), 
35; biotite (y = 1.640-1.650), 8; iron ores, 5; sanidine, 35; ‘leucite,’ 10; 
apatite, 2. Thin sections are no less striking in appearance than are hand 
specimens, for the sanidine is developed in anhedral and subhedral plates, 
up to a centimeter in diameter, and encloses all the other minerals 
poikilitically (Fig. 13,.B). It is fresh, glassy, and pseudo-uniaxial. Scat- 
tered at random within it, are irregular and spherical blebs, between 0.05 
and 0.15 millimeter across, of a colorless to pale-cream mineral, partly 
isotropic, but mostly altered to ?kaolin and zeolites. Though devoid 
of sector twinning and regularly arranged inclusions, the mineral seems 
to be leucite. Olivine, almost wholly replaced by iron oxides and bow- 
lingite, forms phenocrysts, up to 2 millimeters long. The porphyritic 
augite is distinctly zoned, the interior being a colorless or pale-green 
diopsidic variety, whereas the rim is dark green and rich in the aegirite 
molecule, and may be fringed with sodic amphibole. To judge from its 
brownish-green tint and extinction angles, the microlithic augite is notably 
sodic. Biotite occurs both as rims around the altered olivine and as 
detached flakes enclosing microlithic augite. It is pleochroic from pale 
yellow to rich russet, and some flakes have an optic angle of about 15 
degrees. Occasionally, olive-green hornblende forms rims about the 
porphyritic augite. Titanomagnetite crystallised throughout, but apatite 
developed after the ferromagnesian constituents, as slender needles in the 
sanidine. Small, irregular patches of zeolitised analcite may occur 
interstitially. 

In the later flows of the aforementioned outliers, the grain is usually 
finer, and the sanidine, attended by a little albite, forms either a criss- 
cross felt or parallel bundles of tiny microliths. Where olivine is lacking, 
the supposed leucite is also absent. 

_ Nepheline has not been identified in the present study, but Pirsson 
thought that it might be mixed with feldspar in the fine groundmass of 
the lava on Zilditloi Mountain. 

Finally, reference must be made to the lavas of Buell Park. These are 
chiefly composed of a trachytoid groundmass of sanidine microliths with 
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Ficure 1. Typical TUFF-BRECCIA INFILLING OF A Hopi NECK 
Small butte east of Twin Cones. Note person for scale. 


Ficure 2. Bounpary Butre 
Shows three tuff-breccia necks and two curved dikes (foreground). Note horizontal Jurassic sand- 
stones bordering the necks (left). 
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Ficure 1. Sours or Jepiro Mesa, Horr Butres 
Lava flow (foreground) is on same horizon as the dark band of coarse tuff beyond. Slightly tuffa- 
ceous, varicolored muds and silts underlie this band and recur above, interbedded with freshwater 
limestones and sands. These cliffs afford the fullest exposures of the Hopi lake beds. 


Photo by Fairchild Aerial Surveys, Inc. 


Ficure 2. CAULDRON SUBSIDENCE OF BUELL PARK, THE NECKS OF DEFIANCE VALLEY, AND THE 
ZILDITLOI LAVA CAP . 


HOPI LAKE BEDS AND BUELL PARK 
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prisms of diopsidic augite and rare flakes of resorbed biotite. Titanite, 
apatite, and granular ore are constant accessories. An identical rock 
forms the north-south dike on the floor of the park. 

How closely the trachybasalts, just described, resemble the minettes 
of the Navajo region may be judged from the table of analyses (Nos. 7-10). 


DIORITE PORPHYRY OF THE CARRIZO LACCOLITH 


The laccolithic rocks of the Southwest vary little. Monzonite and 
syenite porphyry have been recognised among the laccoliths of the La Sal 
Mountains,”® but diorite porphyry is the dominant type, and in the 
Carrizo laccolith, covering an area of about 100 square miles, it makes 
up the entire mass. Similar rocks, originally referred to as “trachytes” 
and “hornblende porphyrites,” form the laccoliths of the Henry Moun- 
tains. In view of the description of the Carrizo porphyries, already pub- 
lished by Emery,” it is here necessary to include only a few lines, for the 
sake of completeness. 

The matrix of the porphyry is a fine microgranular intergrowth of 
quartz and orthoclase crossed by tiny laths of both orthoclase and acid 
plagioclase. Lying in it, and making up between a third and a half of 
the rock, are large phenocrysts of green hornblende, corroded and zoned 
phenocrysts of andesine, a few rounded grains of quartz and rare flakes 
of biotite (Fig. 14, C). Occasionally, cores of diopside are preserved 
inside the hornblende. Apatite, titanite, and iron ores are present in 
small amount. Alteration is almost restricted to the development of a 
little epidote and kaolin, though in the large dike of porphyry which 
extends from the laccolith toward Beclobito the hornblende is largely 
replaced by chlorite and calcite. Hornblende-rich autoliths are lightly 
scattered throughout. 

That the porphyry was viscous and poor in volatiles is indicated, not 
alone by the deformation of the enclosing sediments but also by the 
remarkable paucity of metamorphic effects along the contact. Except 
for the conversion of sandstone to quartzite for a few inches from the 
margin of the laccolith, no alterations have been observed. 


METAMORPHISM OF SEDIMENTS AROUND NECKS AND DIKES 


General statement—Attention has already been drawn to the rarity 
of metamorphosed sediments, both adjacent to the necks and dikes of 
the Navajo country and as inclusions within them. Around most of the 
intrusions, the wall-rocks remain unaffected, and, even where present, 


1. M. Gould: The geology of La Sal Mountains, Utah, Mich. Acad. Sci. Arts and Letters, vol. 7 
(1926) p. 78-79. 

“1 W. B. Emery: The igneous geology of Carrizo Mountain, Am. Jour. Sci., 4th ser., vol. 42 (1916) 
p. 356-357. 
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metamorphism is strongly localised. Sandstones and shales may be either 
bleached or reddened, for a few inches from the contact. Calc-silicate 
rocks are conspicuously absent, and, indeed, most limestones have even 
escaped conversion to marble. Locally, sandstones may be altered to 
quartzites by the recrystallisation of the felsitic matrix, and in some 
there is a development of diopside, granules of ore, and a few flakes of 
biotite. A conversion of detrital orthoclase to sanidine has been observed 
close to certain dikes of minette. 


Buchites—Along the margins of a few intrusions—notably, at Fluted 
Rock, Outlet Neck, Black Pinnacle, and Wildcat Peak—the sandstones 
are extensively converted to glass (buchite) and may exhibit a strong 
columnar jointing, perpendicular to the contacts. These merit fuller 
description. Examples are illustrated in Figure 15. The altered sand- 
stone from the walls of Outlet Neck (Fig. 15, C) is still partly composed 
of residual quartz, but the amount of spongy, half-dissolved feldspar, 
both orthoclase and plagioclase, is three times as great. The remaining 
third is a pale-cream glass (n = 1.494 + .002), lightly stippled with 
magnetite dust and minute needles of an unknown mineral that varies 
from colorless to pale tints of green and brown. Though the mineral is 
straight extinguishing, slow along the length, and has a bi-refringence of 
about .015, doubt remains as to its identification as sillimanite. Near 
the contact, the buchites become increasingly admixed with small lapilli 
of minette and discrete crystals of re-heated biotite and diopside. It is 
clear that the sandstone must have been comminuted and explosively 
mixed with the minette, prior to vitrifaction. 

Thin zones of buchite are to be found bordering some of the dikes on 
Wildcat Peak. These differ from the preceding only in the following 
features: the glass is colorless and charged with needles of apatite as well 
as ?sillimanite, and also with curved, black, hair-like trichites of an 
unidentifiable substance; accompanying these are many spheroidal and 
reniform bodies of chalcedony, up to 0.5 millimeter across, suggesting blebs 
of what may have been hydrous silica gel (Fig. 15, B). 

Finally, the sandstones forming the cap of the Fluted Rock laccolith 
have been largely altered to chalcedony, opal, and a little interstitial, 
partly devitrified glass. No trace of detrital feldspar remains, and even 
the relic quartz is deeply embayed by corrosion (Fig. 15, A). Similarly 
altered sandstones are present as lapilli in the tuff-breccias on Tubby 
Butte, and at the western end of the lava cap on East Sonsela Butte. 

In all these metamorphosed rocks, the feldspar and the fine felsitic 
base are the first to be converted into glass, while the larger quartz grains 
survive. Water and phosphorus seem to be the only constituents added 
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Ficure 15.—Vitrified sandstones 


(A) From cap of Fluted Rock laccolith. Shows quarts grains partly corroded and embayed, lying in a matrix 
“microfelsite’ with a little glass. Large irregular patches of radiating chalcedony and smaller patches of opal (0). 


of 


Relic quarts grains and rounded blebs of opal (0) lie in a groundmass of glass, varying from 
icate original clastic feldspar. 


Darker patches, due to ?clayey decomposition products, probably i 
(C) From Outlet Neck, north of Fort Defiance. Sharply bordered grains of quarts, spongy relics of feldspar, and acicular 


microliths of an unknown mineral (?sillimanite) lie in a base of cream-colored glass. All X26. 


(B) From Wildcat Peak. 


colorless to gray. 
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from the minettes. In their presence, the changes noted may well have 
been effected at quite low temperature, a supposition that finds support 
in the absence of metamorphism at all but these few contacts. Even 
seams of coal have not been coked close to the dikes of minette in the 
Twin Cones. 


ACID PLUTONIC AND GNEISSOID XENOLITHS IN THE NECKS AND DIKES 


General statement.—-Emphasis has already been laid on the abundance 
of foreign inclusions in the volcanic rocks of the Navajo country. In the 
tuff-breccias, most of these xenoliths are fragments of sediment torn from 
the adjacent walls, chief among which are pieces of Jurassic sandstone 
and Chinle shale. Next in number, and especially common in the Garnet 
Fields, are the plutonic and gneissoid xenoliths transported from greater 
depth and incorporated both in the tuff-breccias and in the later dikes. 
Most of these are of granitic, dioritic, or gneissoid character; the re- 
mainder vary widely. 

Most of the rounded lumps of white and gray, coarsely crystalline, 
plutonic rocks that stand out so conspicuously among the dark minettes, 
are of alaskite and alkali granite, almost devoid of ferromagnesian min- 
erals. Many of these have a pronounced gneissoid banding. With them 
are fragments of acid pegmatite, a few biotite granites, granodiorites, 
and diorites. 

Certain features of the more acid xenoliths call for immediate atten- 
tion. Hardly a section fails to show that part, at least, of the orthoclase 
has been converted to sanidine or shows a marked diminution in the size 
of its optic angle. Commonly, the xenoliths are cut by ‘veins’ of com- 
minuted quartz and feldspar that have suffered partial fusion or solution; 
others are riddled with channels of calcite and glass and may reveal a 
recrystallisation of clear feldspar. These alterations are almost re- 
stricted, however, to the granites and alaskites. 

Noteworthy, also, is the alkaline and siliceous nature of most of the 
xenoliths. The few colored minerals present are types rich in magnesia— 
namely, pyrope, biotite, and hypersthene. Hornblende and augite are 
extremely rare. 


Alaskites and granites——These are especially plentiful in the Monu- 
ment Valley region. The proportion of quartz and feldspar varies within 
wide limits. A common type contains from 60 to 70 per cent of orthoclase 
and perthite, partly changed to water-clear sanidine (2V = 0°-30°), inter- 
grown sub-graphically with strained crystals of quartz and a little albite, 
and attended by granules of ore. Branching veins of brown, partly de- 
vitrified glass follow the sutured contacts between many of the quartz 
and the feldspar grains, being more sharply defined against the quarts. 


160 HOWEL WILLIAMS—NAVAJO—HOPI PLIOCENE VOLCANOES 


Cracks infilled with calcite cross the rock, in haphazard fashion. Where 
hypersthene is present it displays reaction rims of aegirinaugite against 
adjacent feldspars. Where pyrope is present (forming up to 10 per cent 
of some xenoliths) it is usually bordered by iron ore and “limonitic pig- 
ment.” 

Cataclastic effects are widespread. Not only is the quartz strained 
and the orthoclase partly converted to microcline, but these minerals and 
secondary sanidine are crushed in irregular zones that later became 
favorable channels for the development of glass. In certain of these 
glass channels, calcite, titanite, and apatite are found, suggesting that 
the emanations from the minette were charged with carbonic, phosphoric, 
and titanic acid. Elsewhere, the channels of glass carry acicular and 
forked microliths of clear sanidine, flakes of green biotite, and tiny grains 
of diopside fringed with aegirinaugite, suggesting the development of 
minette. 

In some of the alaskite nodules, grains of unmodified orthoclase lie 
next to others rendered uniaxial by heat. Again, crystals of cloudy 
orthoclase are rimmed by thin shells of clear sanidine laths, arranged 
in cuneiform patterns in a base of devitrified glass. A similar phenome- 
non has been described by Tidmarsh ** as “frit-channeling” and ascribed 
by him to the rapid reheating of feldspar. 

The coarse pegmatitic inclusions consist essentially of perthite crystals, 
up to 5 millimeters long, and quartz. In some specimens, the perthite 
within a millimeter of the contact with minette may be recrystallised to 
clear microliths of sanidine intergrown with needles of ?aegirinaugite 
or sodic amphibole and calcite. 

The formation of glass in these xenoliths must have taken place at 
fairly low temperatures, for it may be seen even where the orthoclase 
has escaped conversion to sanidine, and in rocks bearing brown biotite 
whose optic angle remains near zero. It seems likely that the vitrifaction 
is not a simple process of fusion but probably is one of solution brought 
about partly by a rise in temperature and partly by emanations from the 
minette magma.”* 

Biotite granites and granodiorites—In the Green Knobs neck, there are 
sporadic nodules of a graphic granite, principally composed of quartz and 
perthite, with a few crystals of albite and chloritised biotite, attended by 
specks of fluorite and a colorless ?lithium mica. In the Shiprock neck 


3 'W. G. Tidmarsh: The Permian lavas of Devon, Geol. Soc. London, Quart. Jour., vol. 88 (1982) p. 783. 
*3 Leonard Hawkes: On a partially fused quartz-felspar rock and on glomerogranular texture, Miner. 


* Mag., vol. 22 (1929) p. 163-178. Also Arthur Holmes: Geol. Soc. London, Quart. Jour., vol. 88 (1932) 


p. 411-412. 
Deffner (quoted by Branco in Schwaben’s 125 Vulkan-Embryonen) noted the development of sanidine 
in the granite xenoliths of the Schwabian diatremes, and of glass at the contacts of feldspar with mica. 
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and in the Porras dikes, biotite-rich granodiorites are not uncommon, 
and in them the feldspars may exhibit vitrifaction and recrystallisation, 
as described in the preceding section. Many of these xenoliths carry 
clusters of pyrope grains. 


Diorites——Between these and the foregoing there are all gradations as 
orthoclase gives place to andesine and the content of quartz diminishes. 
A third of one diorite fragment from the Agathla neck is made up of 
pyrope crystals, up to 4 millimeters across, including rare grains of a green 
spinel. Half the fragment consists of oligoclase-andesine and small 
patches of sanidine after orthoclase. The remainder is composed of 
biotite, ore, apatite, and cracks filled with ‘limonite’ and calcite. In other 
xenoliths, quartz and andesine are almost the only constituents. Pyrox- 
ene diorites are exceptional. One piece from the Chaistla neck, in Monu- 
ment Valley, has this percentage content: diopsidic augite, 25; pyrope, 25; 
basic andesine, 40; the remainder, magnetite and apatite. Only one horn- 
blende diorite was seen in thin section. This came from Conical Butte, 
in Monument Valley, and is of interest because both its hornblende and 
its biotite show no sign of re-heating. 


Gneissoid types—While most of the plutonic rocks just listed are free 
from banding, others of similar composition exhibit a crude gneissoid 
appearance, due in part to the alteration of more feldspathic and more 
quartzose fractions, in part to an alignment of the dark minerals, and 
in part to the development of cataclastic zones. Except that microcline 
here tends to be more abundant, the rocks do not differ materially from 
those already described. They were presumably derived from fluxion- 
and crush-zones in an underlying batholith. 


MISCELLANEOUS XENOLITHS 


General statement.—Accompanying the acid plutonic rocks, though in 
much smaller numbers, are basic and ultrabasic types and a wide variety 
of metamorphic rocks typical of the epi-zone. As these furnish a further 
key to the nature of the pre-Cambrian basement beneath the Navajo 
country, the principal types merit a short description. 


Harzburgites and lherzolites—Rounded xenoliths of coarsely crystal- 
line ultrabasic rocks are to be found in the Green Knobs neck and among 
the pyroclastic ejecta in Buell Park. These are particularly interesting 
because of their highly magnesian character. Among them, harzburgites 
predominate. An average specimen has this percentage content: olivine, 
25; serpentine, 10; pale, schillerised enstatite, 40; the remainder, a mix- 
ture of actinolite, chlorite, and magnetite. In some varieties, diallage 
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accompanies the enstatite; in others, olivine makes up 70 per cent of the 
whole, enstatite, 20 per cent, and the remainder consists of their altera- 
tion products. 


Norites——Occasional grains of hypersthene have been noted in the acid 
plutonic rocks, but in the gabbroid types the mineral is much more plenti- 
ful. Fragments of norite occur in the necks of Monument Valley and in 
the lava cap on Zilditloi Mountain. About two-thirds of an average 
norite is made up of labradorite, while the rest.is formed of intensely 
pleochroic hypersthene (2V— 70°), and deep-green augite, in propor- 
tions ranging from 3:1 to1:1. 


Garnetiferous talc-anthophyllite schists—These are associated with 
the garnetiferous diorites on the Garnet Ridge near Mule Ear. Whether 
derived from the schists or from the diorites, the garnet is invariably of 
the pyrope variety and ranges in color from pale rose to a deep Burgundy- 
red. Those with a slight purplish tint probably contain a considerable 
proportion of the almandine molecule and, perhaps, also, of the spessar- 
tine. According to the depth of color, they vary in specific gravity be- 
tween 3.65 and 3.75. In addition to talc, anthophyllite, and pyrope, the 
schists carry much penninite (with sagenite webs), zoisite, epidote, and 
granoblastic quartz. 


Quartz-sericite and quartz-chlorite schists—A few small flat slabs of 
these rocks have been collected from the necks of Monument Valley and 
vicinity. Some of them carry flakes of graphite and tiny needles of pale 
bluish-green tourmaline. 


Other types—Hornblende-rich schists are present in the tuff-breccias 
of Buell Park and in the lava cap on Zilditloi. Here, yellowish-green 
hornblende is associated with fine quartz-orthoclase mosaics, accessory 
biotite, titanite, epidotes, and ore. 

Quartz-albite gneiss, carrying a little microcline and biotite, is an 
unusual type of xenolith in the Green Knobs neck. Green biotite-chlorite- 
quartz schists may also be collected at this neck. 

Soapstone and tremolite are fairly common in the Garnet Ridge, both 
near Mule Ear and north of Dinnehotso. Uralitised andesite porphyries, 
black slates, hornstones, quartzite, and basalt complete the list thus far 
obtained. 

None of the foregoing xenoliths appears to have suffered even the 
slightest alteration in its upward passage through the volcanic pipes. 
Their source and significance is discussed on page 168. 
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GENERAL PETROLOGY OF THE NAVAJO-HOPI REGION 
GENERAL STATEMENT 


If exceptions be made of the diorite porphyries of the Carrizo laccolith 
and the plutonic fragments in the necks and dikes, practically all the 
igneous rocks of the Navajo-Hopi region are basic, alkaline types. 
Normal plagioclase basalts are extremely rare, and are confined to the 
southern margin of the area. Acid and intermediate flows and dikes are 
absent. In the Hopi Buttes, it has been shown that monchiquites and 
their surface equivalents—soda-trachybasalts, analcite basalts, and 
limburgites—predominate. Farther north, in the Navajo country, mon- 
chiquites, though present, are rare, while minettes and their heteromorphs 
—olivine leucitites and sanidine-rich trachybasalts—are widespread. 

Thus, a regional progression of magma-types is discernible, from 
slightly sodic in the south to strongly potassic in the north. If a wider 
region be considered, the lateral variation is even more striking. To the 
north of the Navajo potassic province, in Utah and Colorado, lie the 
somewhat sodic laccolithic rocks of the Henry, La Sal, Abajo, and La 
Plata mountains; to the southwest, lie the soda-rich rocks of the San 
Francisco volcanic field. Long ago, Pirsson** noted a similar lateral 
variation among the igneous rocks of central Montana, where, likewise, 
a strongly potassic group is bordered by provinces rich in soda. 


MINERALOGICAL CHARACTER OF THE NAVAJO-HOPI ROCKS 


The alkaline rocks of the Navajo-Hopi necks, dikes, and flows bear 
many mineralogical resemblances to those of other alkaline provinces, 
and notably to those of Montana and Wyoming. 

In the monchiquitic rocks of the Hopi Buttes, the typical pyroxene is 
a greenish-brown, weakly- or non-pleochroic, lime-rich augite, closely & 
comparable with some of the augites found in the lavas of Vesuvius *® 
and Haleakala, Maui.”° It is not far removed from the diopside-heden- 
bergite series. Even in lavas fairly rich in titanium, the augite is only 
faintly purple at the margins. In the minettes and trachybasalts of the 
Navajo country, the pyroxene is very close to pure diopside. Fringes q : 


of aegirinaugite develop locally by reaction with analcite or alkali feld- 
spar. Orthorhombic pyroxenes are entirely lacking. 

In the Hopi rocks, mica is extremely rare and, where present, is a 
warm-brown biotite, fairly rich in iron. In the Navajo rocks, on the 


“TL. V. Pirsson: The petrographic province of central Montana, Am. Jour. Sci., 4th ser., vol. 20 (1905) 


p. 35-49, 
% Rosenbusch-Osann: El te der Gesteinslehrs (1928) p. 422, 465. .: 
M. Stark: Die Augite in den Gestei der Eug » Neues Jahrb. fiir Min., Abt. A, vol. 55 


(1927) p. 1-35. 
ets F. W. Barth: Mineralogical petrography of Pacific lavas, Am. Jour. Sci., 5th ser., vol. 21 (1981) 
p. 387. 
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contrary, mica is abundant and is usually zoned from a pale core of 
phlogopitic biotite to a deep-brown rim approaching lepidomelane. 

The scarcity of hornblende is one of the most distinctive features of 
the entire province. It is virtually restricted to the Carrizo diorite 
porphyry laccolith and to a few crystal bombs and lapilli of the Navajo- 
Hopi volcanoes. 

Olivine is ubiquitous as a minor constituent, and is invariably very 
poor in the fayalite molecule. 

Basic plagioclase has only been recognised in certain flows along the 
southern edge of the Hopi field, and even acid plagioclase is meager. 
The characteristic feldspars throughout are sanidine and orthoclase. 

Nepheline is present in such small amount and in such minute crystals 
as to make its recognition difficult. The only exceptions to this are in 
the monchiquites and alnoites of Wildcat Peak. 

Leucite is much less plentiful than in the alkaline provinces of Mon- 
tana and Wyoming, and is known only from the Navajo region, not from 
the Hopi. It is restricted to rocks rich in olivine. 

Analcite is widespread among the Hopi rocks and is not rare as a minor, 
interstitial accessory of the Navajo intrusions and flows. 

Apatite, as in most alkaline suites, is extremely abundant. Melilite has 
been detected in only a single rock, a Navajo dike. Perovskite appears 
to be absent, and titanite, except as a secondary constituent derived from 
the breakdown of biotite, is rare. Titaniferous magnetite is the prevalent 
ore. Quartz is virtually absent. 


CHEMICAL CHARACTER OF THE NAVAJO-HOPI ROCKS 


The minette-sanidine basalt assemblage of the Navajo country is char- 
acterised especially by its high content of potash. In Niggli’s classifica- 
tion,?* the Navajo rocks belong to the Mediterranean type (Kalireihe), 
and, as the k-mg diagram (Fig. 16) shows, they bear a marked resem- 
blance to his lamprosommaite, shonkinite, and missourite magma-types. 
According to the classification suggested by Burri,”* the rocks fall into 
the Maros-Highwood type of the Mediterranean province, while showing 
some affinities with the Yellowstone type of the Pacific province. The 
laccolithic rocks of the Henry, El Late, and Carrizo mountains are, also, 
of the Yellowstone type. Among the Navajo rocks, the k-value—that is, 
the ratio of potash to the total alkali content—ranges between 0.47 and 
0.77; among the Hopi rocks, on the contrary, the range is from 0.09 to 0.34. 

Omitting the Carrizo diorite porphyry, all the Navajo and Hopi rocks 


27 P, Niggli: Gesteins- und Mineralprovinzen (1923) p. 172-197. 
RR. C. Burri: Chemismus und provinziale Verhdltnisse der jung-eruptiven Gesteine des pazifischen 


Ozeans und seiner Umrandung, Schweiz Min. u. Petr. Mitt., vol. 6 (1926). 
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are typified by their strongly magnesian character; the mg-value—ratio 
of magnesia to magnesia plus iron oxides—ranges from 0.54 to 0.77, being 
highest in the most acid trachybasalt and minette. Equally striking are 
the low al-values throughout, owing to the paucity of basic plagioclase 
and the alumina-poor character of the pyroxenes. 

Calculation of the norms shows that all but one of the analysed speci- 
mens—namely, the most acid minette—are free from normative quartz. 
The degree of undersaturation as expressed by the qz-values of Niggli 
ranges from —47 to —52 in the Hopi rocks, and from —35 to —16 in 
the Navajo rocks, if exception be made of the one acid minette just 
mentioned. Even in this the gz-value is only +4 (corresponding to 4.20 
per cent normative quartz). 

In common with the alkaline rocks of Montana and Wyoming, those 
of the Navajo-Hopi region are fairly rich in phosphorus, so that the 
amount of normative apatite reaches a maximum of 6.05 per cent. Though 
barium has not been estimated by analysis, the presence of barite in 
some of the Navajo rocks suggests that the element may be comparatively 
abundant, as it is in many minettes. Titanium is much more plentiful 
in the Hopi rocks than in those of the Navajo intrusions, the percentage 
of normative ilmenite in the former ranging from 6.84 to 8.97 and in the 
latter from 1.52 to 4.41. 


PLUTONIC EJECTA 


Before proceeding to a discussion of differentiation, it seems best to 
refer once more to the plutonic ejecta. Branco found that in the Schwa- 
bian Alb, fragments of plutonic rocks are only present in the diatremes 
of a restricted zone. In the region here discussed, they are extremely 
rare locally and abundant elsewhere. Thus, among the ejecta of the Hopi 
volcanoes, plutonic fragments are all but absent, and none have been 
observed in the monchiquitic intrusions of the Tuba field. Among the 
necks and dikes of the Chuska Valley, they are comparatively few, and 
they are also uncommon in the southernmost intrusions of the Fort De- 
fiance Valley. Among the Navajo intrusions farther north, the pieces of 
plutonic rock may comprise up to two-thirds of the total number of 
foreign fragments, reaching their largest number and size in the Green 
Knobs neck, in the intrusions at the south end of Redrock Valley, along 
the Garnet Ridge, and in Monument Valley. 

In an earlier section, it has been found that alaskites and leucogranites 
are the dominant type. These are marked by their high content of silica 
and potash and by the presence of such magnesian minerals as pyrope, 
hypersthene, and biotite. Next in importance are granodiorites and 
diorites. More basic types are rare, but among them are rocks char- 
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acterised by their high magnesian-content—namely harzburgites, lherzo- 
lites, and norites. : 

It seems probable that all these plutonic rocks were derived from a 
pre-Cambrian basement. So, also, were the fragments of epi-zone meta- 
morphic rocks associated with them. Both schists and acid plutonic 
rocks of Archean age crop out beneath Carboniferous sediments in the 
core of the Zuni uplift, a short distance southeast of Gallup, but further 
study is necessary before it may be determined how closely they compare 
with the xenoliths of the Navajo-Hopi volcanoes. 

The question now arises: do these acid plutonic ejecta, with their high 
content of potash and the basic ejecta, with their high content of magnesia, 
bear a genetic relation to the enclosing minettes with their high content 
of both potash and magnesia, or is the association quite accidental? The 
facts are clear: where granitic fragments are rare or absent, the volcanic 
rocks are monchiquites, limburgites, and analcite basalts; where such 
fragments are abundant, only minettes and sanidine-rich basalts accom- 
pany them. 

DIFFERENTIATION 

Many suggestions have been offered to explain the origin of such basic, 
potash-rich rocks as those of the Navajo country. Among those to be 
considered are: 


(1) De-silication of magma by the assimilation of limestone and/or 
dolomite, and a passive enrichment in potash by the escape of soda 
at fumaroles, from the craters and into the walls of the magma 
reservoirs. This process has been invoked by Rittmann”® to 
account for the leucitic rocks of Vesuvius. 

(2) Depth-pressure control, as suggested by Holmes,*° in the case of 
the leucitic province near Ruwenzori, Africa. Here, a primary 
peridotite is supposed to yield mica peridotite and its heteromorph, 
olivine leucitite, by the abstraction of soda-rich eclogite and 
olivine. The formation of enstatite and other pyroxenes under high 
pressure impoverishes the parent magma in silica. 

(3) Sinking and re-solution of biotite crystals, a process advocated 
by Bowen and Beger. 


Among the sedimentary rocks through which the Navajo-Hopi vents 
were blasted, those of a calcareous nature are very subordinate, and almost 
restricted to the lower part of the Goodridge (Pennsylvanian) formation. 


2 A. Rittmann: Die geologisch Bedingte Evolution und Differentiation des Somma-Vesuvmagmas, 


Zeitschr. fiir Vulkanologie, vol. 15 (1933) p. 8-94. , 
% A. Holmes and H. F. Harwood: Petrology of the volcanic fields east and southeast of Ruwenzori, 


Uganda, Geol. Soc. London, Quart. Jour., vol. 88 (1982) p. 370-443. 
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Fragments of limestone are extremely rare as ejecta, and those observed 
are, at most, weakly marmorised. Though obviously far from conclusive, 
the available evidence lends no support to the view that the potassic 
magmas of this region have been de-silicated by reaction with calcareous 
deposits. Nor is there any evidence of a passive enrichment in potash 
by loss of soda into the wall-rocks. None of the fragmental ejecta appears 
to have suffered from sodic emanations. 

Whether or not a depth-pressure control igiieind here, is still more 
difficult to answer with certainty. Backlund*™ and others have em- 
phasised the generality that deep-seated granitic intrusions may be 
characteristic of orogenic phases, basaltic intrusions of epeirogenic phases, 
and alkaline intrusions of a perforation of stable continental areas 
(epeirodiatresis). It may be that the well-known concentration of Ter- 
tiary alkaline provinces in a broad, north-south zone, extending from 
central Montana, through Wyoming, western Colorado, and the Navajo 
country, to the Mexican border in western Texas, is related in some 
obscure way to tectonic influences. Many have advocated the theory 
that alkaline magmas migrate away from regions of active folding to 
regions of comparative stability, but the process is difficult to conceive 
in detail and fails to explain the separation of sodic from potassic magmas. 
If high-pressure eclogites were ever developed at depth beneath this 
north-south alkaline zone, none has been discovered among the exploded 
ejecta. 

The sinking of biotite crystals, though a possible cause of the potassic 
character of the Navajo rocks, may be objected to on the grounds that 
the mineral usually forms at such a late stage that it may no longer be 
able to sink in large amount. Moreover, resorbed biotite is very rare 
among the ejecta of the Navajo volcanoes. 

A fourth, and preferred, hypothesis involves the selective solution of 
granitic rocks by an ultrabasic magma. That this is not an idle specula- 
tion is borne out, first, by the granite-minette association already noted, 
and, second, by the fact that many of the granitic fragments blown out 
of the Navajo vents have suffered a partial solution of their alkali feld- 
spars. It may be noted, in passing, that granitic xenoliths are occasionally 
to be found among the volcanic rocks of the Leucite Hills of Wyoming. 
Moreover, the minettes of other regions are rich in corroded xenocrysts 
of quartz, and, less commonly, of alkali feldspar, possibly because of 
partial assimilation of granite by basic magma. 

If the potassic stamp of the Navajo magma is primarily due to the 
preferential solution of alkali feldspars in a body of Archean granites, 


%1H. G. Backlund: On the mode of intrusion of deep-seated alkaline bodies, Geol. Instit. Upsala, 
Bull., vol. 24 (1933) p. 1-24. 
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it is clear that the original magma was one rich in lime, iron, and magnesia 
and low in both silica and alumina. Such a magma is approximated by 
the most basic of the monchiquites analysed (No. 1, page 166), the one 
from Wildcat Peak. The settling and re-solution of olivine crystals from 
the Hopi monchiquitic magma might provide the requisite parent. That 
the minettes and monchiquites of the Navajo-Hopi region are intimately 
related, is beyond question. It is enough to recall that in certain intru- 
sions the two types actually grade into each other. Nor does it seem 
unlikely that in some way the minettes were derived from the mon- 
chiquites. The monchiquites were extruded in regions free from, or poor 
in, granitic xenoliths and may be assumed to approximate most closely 
the original magma of the Navajo-Hopi province. Dissolving the feld- 
spars of the potash-rich granites, and, perhaps, to a lesser extent, the 
magnesian minerals of the granites and associated ultrabasic rocks, this 
monchiquitic magma might have given rise to the minette-sanidine basalt 
assemblage of the Navajo volcanoes. 

How the monchiquitic magma, in turn, was derived is not clear, though 
it is of interest to recall, in view of Bowen’s suggestion,** that some sodic 
magmas may be developed by the sinking and selective solution of horn- 
blende, that crystal lapilli largely composed of hornblende are far from 
rare among the ejecta of the Hopi volcanoes. Possibly, on the other hand, 
the monchiquitic magma was derived from an ultrabasic parent by an 
agpaitic type of differentiation, involving the early separation and up- 
ward floating of alkali feldspar and feldspathoidal minerals. If such a 
hypothetical ultrabasic parent ever existed, how did it originate? Could 
it have been from a deep-seated peridotite layer, or by the palingenesis 
of the basic complements of the Archean granites? Is it mere coincidence 
that in this region of magnesia-rich volcanic rocks, the fragments torn 
up from the Archean basement include many pyrope-bearing plutonic 
types, a few harzburgites, lherzolites, norites, and talc-rich schists? 

Some might argue that the potassic stamp of the Navajo igneous rocks 
is not the result of partial assimilation and that the minette-granite asso- 
ciation is fortuitous. They might affirm that the potassic stamp goes 
further back, to a biotite pyroxenite magma derived from a primary 
peridotite. In support of their view, they could point to the similarities 
between the Navajo minette-trachybasalt suite and biotite pyroxenite, 
and they could say that the highly explosive character of the Navajo 
volcanoes accords well with the idea of a volatile-rich biotite pyroxenite 
parent magma.** It must be admitted that there is nothing in the pre- 


®N. L. Bowen: Evolution of the igneous rocks (1928) p. 270-273. : 
* For a stimulating discussion of “‘The Genetic Significance of Biotite-Pyroxenite and Hornblendite,” 
see D. L. Reynolds: Min. u. petr. Mitt., vol. 46 (1935) p. 447-490. 
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ceding notes to disprove such a contention. But to speculate further on 
these interesting problems is beyond the scope of this report. 


DEPTH OF THE MAGMA RESERVOIRS 


The maximum thickness of the pre-Cretaceous sediments resting on the 
pre-Cambrian floor of the Navajo region is approximately a mile, but the 
average thickness is only about 4,500 feet. Most of the volcanic necks 
rose to the surface where the Jurassic cover had already been removed; 
at such places, the pre-Cambrian rocks are no more than half a mile 
below the surface. Unfortunately, the thickness of the Algonkian rocks 
is unknown. They are exposed to a thickness of 100 feet near Fort 
Defiance,** but in the core of the Zuni uplift they are absent. It is clear, 
therefore, that the presence of Archean metamorphic and plutonic frag- 
ments among the products of the Navajo-Hopi volcanoes does not neces- 
sarily imply a deep source for the magma. At some vents, the fragments 
may have been carried upward for only 3,000 feet. 

The wide extent and more or less random scattering of the volcanoes 
suggests broad reservoirs of sill-form, such as might readily form at the 
contact of the Archean and overlying rocks. Small cupolas on the upper 
surfaces of such reservoirs might determine the location of the vents. 
The highly explosive character of the volcanoes and their close spacing 
accord well with the idea of shallow magmatic supplies. 

From the paucity of metamorphism, both in the included xenoliths and 
in the walls of the necks, it is concluded that the explosions were of low 
temperature and that they were essentially phreatic in type, resulting 
principally from the tension of water vapor. 


University oF Cattrornia, Berketsy, Catir. 
Manvscaiprt Recervep sy THE Secaerary or THE Society, Octoser 1, 1935. 
ReaD BEFORE THE CorDILLeRAN Section, Aprit 13, 1935. 


*% According to N. E. A. Hinds [Ep-Archaean and Ep-Algonkian intervals in western North Amer- 
ica, Carnegie Instit. Wash., Pub. 463 (1935) p. 22-23] these rocks resemble the pre-Beltian Maszatzal 
quartzites of central and southern Arizona. 
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CYCLIC AND NON-CYCLIC ASPECTS OF EROSION 


BY NEVIN M. FENNEMAN > 
Address as retiring President of the Geological Society of America 


Geology has always centered around an effort to decipher records. 
Until 50 years ago these records were almost exclusively those of the 
constructional processes, conspicuously those made by sedimentation. 
Erosion has always been a great destroyer of records. Down to the 
last half century it was scarcely thought of as offering any compensa- 
tion by recording a history of its own. 

Within that time its records have been analyzed with increasing insight. 
They are made rapidly and in great abundance but always at the surface. 
Hence, they are much like characters written on wax tablets, always 
destroyed to make way for newer letters. Only occasionally is a tablet 
discarded and buried and the writing thus preserved. Such a record 
is an unconformity. LErosional history mentions relatively few large 
facts of early geologic date, but of recent events the account is very 
full, even more so than the parallel account written in the language 
of deposition. The study and interpretation of the records left by erosion 
constitute the larger part of the science of Geomorphology. 

These records begin to have value when erosion is seen as a series of 
events and not as a continuous process without beginning or end or 
variation. It is true that erosional events had long been used to chapter, 
paragraph, and punctuate the sedimentary record, but the post-sedi- 
mentary record was a kind of unsystematic epilogue, without plot, added 
merely to tell what became of the characters. From a human stand- 
point it contained some things of news value, but the whole was rather 
less orderly than a morning paper. Items of significance were not yet 
organized into a science. 

With Powell’s concept of the “base level of erosion” came recognition 
of the fact that even without submergence and renewed deposition, the 
work of erosion may come to definite stops. This was a great advance. 
It divided the whole of post-sedimentary erosion into definite under- 
takings, each task (if completed) beginning with an uplift and ending 
at base level. Thus was the foundation laid for Davis’ cycle. 

In order to be serviceable the cycle concept, like any other, must have 
definite meaning. It is not enough that a land mass is reduced to base 
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level, then lifted up and reduced again. If the word cycle means no 
more than that, the word “repetition” would have done as well. The 
cycle finds its character in a regular round of events and changes, always 
in the same order. Progress is marked by changing form, and the stage 
attained is known by appropriate topographic features, as truly as 
though they were hands on a clock. Many topographic features need 
no other explanation than merely to point out their position in the cycle. 

If, on the other hand, a surface be thought of as lowered by erosion, 
while remaining constantly parallel to its first position, there is no pro- 
priety in speaking of a cycle. The consideration of this case may be 
deferred. It is first necessary to examine the results of a series of cycles. 

In a series of complete cycles it is obvious that there would be no 
record of any but the last. The “complete cycle,” however, remains an 
intellectual ideal unless the area be restricted by cutting off margins 
where the work was incomplete. Probably no river ever ran to the sea 
carrying nothing but water. Anything else would indicate that some- 
where in its basin the work was still in progress. The common experi- 
ence is to find in a single area the partially destroyed, or newly begun, 
forms of several cycles, none of them carried to completion, unless it 
be the first. The work of the next cycle stopped somewhat short of the 
stage reached in the first, the third fell short of the second, and so on. 
Speaking only of those whose records remain, it follows that the cycles 
were of decreasing completeness and (presumably) in most cases, of 
decreasing duration. The prevalence of this observation is sometimes 
noted as curious, as though implying that the earth’s crust is becoming 
progressively less stable. Reflection shows, however, that the record 
could never have been otherwise, since only such cycles are recorded 
as were followed by others less complete. The limitations of the sedi- 
mentary record, inherent in the method of its making, have often been 
remarked, but there is less consciousness of the principle that erosion is 
limited in this respect, that it can record only a series of diminishing 
cycles. Another Schooley cycle would wipe out the whole story. 

It is unnecessary at this point to explain at length the exceptional 
effects of local base levels. It is obvious that the principle here stated 
is true only when the same area is affected by all the cycles—i.e., in a 
succession of regional uplifts. There are many local cycles and local 
peneplains related to local base levels, each independent of the others. 
These are not considered in the principle just stated. But the assumption 
that a series of peneplains reflects changes of base level throughout the 
area concerned carries with it the assumption of an accelerated succes- 
sion of diastrophic events. A very long series would seem to involve 
serious issues on which the geophysicist may well ask to be heard. If 
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a dozen or a score of base levels be evidenced, the probability becomes 
very great that most of them were local. With respect to the Appa- 
lachians this same conclusion has been reached by other lines of rea- 
soning. 

In considering the probability or improbability of numerous cycles, 
or a multiplicity of peneplains, another principle must be taken into 
account. Valleys near the sea reflect very promptly the effects of small 
ups and downs which remain forever unrecognized in the great interior. 
Davis saw this nearly 50 years ago and wrote: 

The cutting and filling resulting from comparatively brief and trivial elevations 


and depressions [near the sea] make a record so complete and so complicated that 
its details encumber the problem and place its solution out of reach for the present? 


With due attention to the two principles here mentioned, the vast 

proliferation of cycles and peneplains between the Hudson and the 
Potomac may be in part removed from controversy. Yet not entirely, 
for geologists are still human beings, and the subjective factor is always 
present in their conclusions. Even when the objective data are agreed 
upon, the pattern seen in the mind’s eye may be one thing to one man 
and something quite different to another. A simple and familiar illus- 
tration of this is the projected profile on which one man may see a 
flight of stairs (say, six peneplains) where another sees only a general 
slope, interrupted by fortuitous ups and downs. If half a dozen hills 
have approximately the same height, one sees a peneplain; the other, 
mere coincidence. Such subjective differences are perfectly normal, and 
neither type of mind can afford to scorn the other. Time will bring 
about a slowly emerging concensus of opinion which will probably be 
right. 
The interpretation of erosion in terms of cycles is based largely on the 
recognition and identification of peneplains. The concept of the pene- 
plain is by no means so well defined as the offhand and frequent use 
of the term might seem to indicate. In exact discussion the user of that 
word must still state what he means. Whatever else the term stands 
for, it certainly designates the ultimate or penultimate stage of the 
normal cycle, but the amount of residual relief allowed is determined 
subjectively by every man for himself. 

A peneplain is “almost a plain,” but there is no single and convenient 
word that designates “almost a peneplain.” Such a word is sorely 
needed. For lack of it the term “peneplain” has come to be overworked, 
being used with more and more allowance for imperfections. This is 
because poor peneplains are more numerous, and perhaps “almost a poor 


1W. M. Davis: The geological dates of origin of certain topographic forms of the Atlantic slope 
of the United States, Geol. Soc. Am., Bull., vol. 2 (1891) p. 577. 
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peneplain” is still more abundant. Yet even this last may be very 
arresting and very significant when it constitutes the surface of a highly 
complex structure of great magnitude. If successful inquiry could be 
made into what lies in the back of the minds of those who speak of 
peneplains, it would probably be found that the only impression always 
there is that the likeness in altitude among divides is sufficient to suggest 
a common control and that no other control than a possible base level 
is obvious. This is a very vague commitment. In mountain countries 
like the Sierra Nevada, such a surface, or the imagined generalization 
of such a surface, becomes a plane of reference above which mountains 
are seen to rise and into which valleys are cut. It may safely be 
asserted that any degradational surface so thought of is bound to be 
called a peneplain, even though its own relief is many hundreds of feet. 
That is, the term will be so used until some other short and euphonious 
term takes its place. This was not the intention of the maker of the 
term and is not here defended as right, but only pointed out as fact, 
even a regrettable fact. 

At all events, no peneplain was ever flat. Even on the Schooley there 
were local swells, ridges, and hills, and probably the major valleys were 
several hundred feet lower than the major divides. Much criticism and 
not a little cynicism toward peneplains has been aroused by expecting 
too much. It is not in their nature to be flat. The outcropping edges 
of strong formations, like the Tuscarora in Pennsylvania, the Berea in 
Kentucky, the Burlington in Missouri, the Niagara in Wisconsin, the 
Winslow in Arkansas, and the Chase group in the Flint Hills of Kansas, 
may continue almost indefinitely to make low swells or subdued cuestas 
on peneplains. When the plains are lifted up and the escarpments again 
sharpened, the surfaces on opposite sides of the escarpment are mis- 
takenly assigned to different cycles. Thus, the Highland Rim and Lex- 
ington peneplains are made two instead of one. The same is true of the 
Salem and Springfield uplands in the Ozarks. And the Driftless Area 
of the Upper Mississippi is allotted an undue number of cycles and pene- 
plains. 

Both in the original intent and in current usage the term, peneplain, 
connotes a mode of origin quite as much as of form. There are other 
ways of producing plains, perfect or approximate. A generation ago it 
was still necessary to discuss the criteria which distinguish the plain 
of marine planation from that of subaerial degradation. Whatever the 
difficulties of practical application, there is in this case no confusion in 
thinking, hence no need for discussion. 

But if confusion of thought is no longer to be feared in the case of 
marine planation, it certainly is in another—that is, in the case of 
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stream planation. The lateral swing of a meandering stream makes, 
not a peneplain, but a fiat. Such a surface is not made by wearing 
down but by sawing off. The two processes are wholly and essentially 
different. So are the resulting forms, despite their superficial resem- 
blance. 

It is true that these two types of topography are often associated. It 
is normally to be expected that when a region is worn down to low 
gradients, its streams will meander broadly. Lateral planation and allu- 
vial plains will be extensive, but these, taken by themselves, are not 
peneplain in any exact or technical sense, while the worn-down areas 
between them are true peneplain in their own right. Speaking geo- 
graphically and with reference to large areas, the floodplains may be 
included, just as peat bogs are included in a ground moraine, but peat 
bogs are not moraine, and floodplains are not peneplains. To assume 
the complete planation of an area by the meandering of its streams and 
the merging of its floodplains is simply to dispense with the idea of 
peneplanation altogether and to substitute another process. Yet even 
in recent literature, and in the work of able geologists who are morpho- 
logically minded, there is seen, now and again, an implication of identity 
of the peneplain and the alluviated planation surface. An expression 
like the following is typical: “(Streams) began at once to lower their 
channels in the old peneplain, and, when they had reached the new base 
level, to form a new peneplain by lateral corrasion.” ? When it is remem- 
bered that planation surfaces are relatively numerous, the consequences 
of treating each one as a peneplain will readily be seen. 

In this connection, attention should be given to the association of 
peneplains with gravel. Gravel is to be expected in the alluvium asso- 
ciated with a peneplain as in any other alluvium on a suitable grade, 
but within that area that is typical peneplain and not something else, 
nothing is scarcer or less expectable than gravel. When a surface, sus- 
pected on other grounds of being a peneplain, is found to contain patches 
or strips of gravel at about the general level, the evidence of penepla- 
nation is strengthened. But if the entire area is gravel-covered the as- 
sumption is that it is a planation surface, made by a stream which 
may or may not have been flowing on a peneplain. Generally the gravel- 
free surface is much the larger part of the area. This is about equiva- 
lent to saying that search for gravel must be limited to those parts which 
are only peneplain by courtesy—i.e., by reason of the company they keep. 
Gravel may corroborate the suspicion of a peneplain, only when its ele- 
vation is approximately that of a more extensive surface. Alluvium, 


2C. W. Hayes: The southern Appalachians, Nat. Geog., Mon. 10 (1906) p. 330. 
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whose nature bespeaks a very low gradient, affords presumptive evidence, 
not proof, of a peneplain. 

This matter is important, for it bears directly on the multiplication 
of peneplains by confusion with river terraces. The latter have their 
own value in giving evidence of a changing base level and thus of inter- 
rupted cycles of erosion. They have their uses in the study of diastrophic 
history, but the time intervals which they record are relatively short, 
and generally they have nothing to do with completed cycles. 

The confusion of floodplains with peneplains is in many cases a matter 
of terminology. Rarely would the one be mistaken for the other. It is 
otherwise with structural plains. So impressive is the cycle, so vastly use- 
ful and illuminating in the study of history and topography, so widespread 
is the evidence that land masses have been reduced to peneplains, that al- 
most any flat horizon is under immediate suspicion of owing its flatness 
to a former base level. One can scarcely be surprised if such control is 
sometimes invoked where the flat horizon is, in reality, due to some other 
cause or condition. 

Foremost among these other conditions is the presence, immediately 
beneath the surface, of a strong stratum which may have arrested ero- 
sion at that level. Where such a relation is suspected, geologists at 
once line up, those who are cycle-minded opposed to those who are 
structure-minded. These traits may be congenital or they may have been 
instilled, but, whether one or the other, they are permanent factors in 
determining the judgments of their possessors. Often they fix the judg- 
ment in advance and forestall investigation. A man simply belongs to 
one party or the other, just as he is a Republican or a Democrat, or 
(if you are a reader of Alphonse Daudet’s “Tartarin of the Alps”) he 
belongs to the party that takes prunes for dessert or the party that takes 
rice. Debates will go on indefinitely between the cycle-minded and the 
structure-minded, just as between individualists and socialists, or between 
any other groups whose line-up is fixed by sympathies. In the end, 
each group will say that the other needs to study the question in the 
field, a kind of final thumbing of the nose with which geologists end a 
hopeless argument. 

It seems highly probable that the influence of resistant strata has often 
been underrated (and the number of base levels correspondingly over- 
estimated) especially in dissected plateaus. It is difficult to read the 

literature of the Appalachian plateaus and avoid this impression. The 
reason for limiting this statement to dissected plateaus and excluding 
extensive uncut stratum plains will appear later. From the most recent 
treatment of the Appalachian plateaus in Pennsylvania, it might be 
concluded that altitudes owe more to two Carboniferous sandstones than 
to any succession of cycles. Whether or not this statement is too strong, 
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it calls attention to the fact that the attempt to divide up a great area 
and assign each and every segment to the work of some particular cycle 
runs into grave difficulties and must be so compromised as virtually to 
be abandoned. Much of the area, even where the skyline is flat, may 
be only remotely related to any peneplain. 

The simplicity and beauty of the conception of allotting all parts of 
an area to their respective cycles is alluring. So-much so that we are 
prone to think in terms of diagrams, in which each higher level gives 
way visibly to a lower and younger surface, a newer peneplain which is 
constantly enlarging at the expense of the older and constantly losing 
by the spread of still newer and lower surfaces. The conception em- 
bodied in such diagrams is so simple, so useful, in many cases so true, 
and it burst so suddenly upon the science, hitherto without it, explaining 
so many things, and introducing order where chance had reigned, that 
it can not be wondered at if its application was, for a time, made too 
broad. 

The recognition here given to structure as a determining factor in 
horizontal surfaces is believed to be a just concession. No service can 
be rendered to the cycle theory by overstraining it. But explanation in 
terms of structure can also be overstrained. To minds of a certain twist 
there is something hypnotizing in the presence of a structural surface 
which happens to parallel the topographic surface. The two seem to 
be necessarily related, like the unexplained sounds in a strange room 
and the number 13 over the door. The fact that structural surfaces must 
have some position is apt to be overlooked. More of them are horizontal 
or nearly so than in any other one attitude. The same is true of topo- 
graphic surfaces. By the mere law of hazard the surface must often 
parallel the structure. Yet the discovery of such agreement is often 
treated as sufficient evidence of cause and effect. Sometimes this is 
true, as every student of plateaus knows. Often it is not. 

There is such a thing as a plain of stripping, quite independent of base 
level, but the limitations of stripping at high levels are very severe and 
are often ignored. To do a clean job of stripping a horizontal bed 
is just as difficult as to make a perfect peneplain. The process is the 
same, and its last stages are just as slow in one case as in the other 
if equal areas be assumed. The time required increases enormously with 
the extent of the area. Meantime, the margins, stripped early in the 
process, must hold their own against dissection, and this dissection is 
a very speedy process if the relative altitude is considerable. The result 
is that, while rock terraces and mesas of limited extent are common, 
extensive plains, stripped at considerable altitudes, are in all cases sub- 
ject to dispute. The stripping is not denied; only the altitude at which 
it is done. The question at issue pertains to the ability of any hard 
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stratum to maintain a local base level high above the sea, during the 
long time required for peneplanation. 

A familiar example is the Edwards Plateau in Texas, 1,000 to 3,000 
feet above the sea and 400 to 1,200 feet above its surroundings. The un- 
derlying limestone formations, collectively known as the Edwards, are 
relatively resistant in the climate of central Texas. No doubt this is the 
explanation of the plateau’s present height above the lowlands on weaker 
rock. But it does not follow that the stripping was done at that altitude. 
The margins of this formation are being raked and shredded in a way 
to show the precarious position of the entire mass at its present alti- 
tude. In view of the present havoc (obviously of recent beginning) one 
wonders how the margins of the plateau retained their flatness during 
the long time required to strip the interior. If unstable now, why were 
they not unstable then? And why is the process of destruction still in 
its early stage? The evident answer is that the stripping was not accom- 
plished at the present altitude. 

This region is described in the classic paper of Hill and Vaughan.* 
In descriptive terms the limestone surface is said to be stripped, but 
it is also pointed out that the several beds are beveled, the surface being 
here on one bed and there on another. This is one of the tests, if not 
the test, of a peneplain. To say that the Edwards Plateau has been 
stripped is a mere statement of fact; but to leave the inference that 
the strength of the limestone explains the flat surface without regard 
to the control of base level during erosion is wholly unwarranted. 

An even more striking illustration is seen in the “Great Sage Plain,” 
6,000 to 7,000 feet high, in southeastern Utah and southwestern Colo- 
rado. Its agreement with the surface of the Dakota sandstone is note- 
worthy. It is mentioned as one of the best American examples of 
stripped plain, and generally with the implication that the strong Dakota 
sandstone was, in this case, an adequate substitute for base level. How- 
ever, it is only necessary to look at the sharp canyons, already branching 
into the interior, to be convinced that the Great Sage Plain can not last 
long under present conditions. Its prompt dissection will be a brief epi- 
sode in comparison with the long, tiresome process of washing away the 
last stains of Mancos shale from the still flat surface. Obviously, this 
slow stripping process must be allowed a long handicap and must have 
run most of its course before dissection was allowed to start. 

It should be a safe principle that a peneplain can not originate under 
conditions which make it essentially unstable. So slow a process as pene- 


*R. T. Hill and T. W. Vaughan: Geology of the Edwards Plateau and Rio Grande Plain 
adjacent to Austin and San Antonio, Texas, with reference to the occurrence of underground waters, 
U. 8. Geol. Surv., Ann. Rept. 18, pt. 2 (1898) p. 198-321. 
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planing must not be asked to run a race against so swift a process as 
dendritic dissection of a high plateau. Applying this principle to the 
Great Sage Plain, it is safe to conclude that, at the time of its develop- 
ment, the altitude was much less than at present, certainly not high 
enough above the local base level to make dissection possible. 

Within the limits of altitude and of time, a strong stratum may become 
a substitute for base level, but these limits are, without doubt, much 
narrower than are implied by many casual descriptions of stripped plains. 
The strong stratum may actually raise the local base level a little for 
a long time, or may raise it much for a short time, but not much for a 
long time. It follows from this, that, in terms of diastrophic events, 
the interpretation of an extensively stripped horizontal stratum, now at 
considerable altitude, differs very little from that of a peneplain. Each 
was necessarily developed at a lower altitude. 

What is said here of the stripped or denuded stratum applies equally 
to the exhumed or resurrected peneplain. The mere fact of exhumation 
implies that the rocks below are strong. The discovery that the present 
surface agrees essentially with one of pre-Cambrian time is sometimes 
hailed as proof that the present nearly flat surface is not a true pene- 
plain. This may be true if the patches concerned are small. Barring 
this limitation, the more recent plain may be treated much like a pene- 
plain in its own right; that is, it may be so regarded in the interpre- 
tation of diastrophic history. 

In view of what was said before about structural control, expressing 
the belief that it has received something less than its due in the Appa- 
lachians, this may seem to some like blowing hot and cold with the same 
breath. But structural control is sometimes found to be adequate and 
sometimes not. If difficulty is found in stripping ten thousand square 
miles but not in stripping ten square miles, a single strong stratum may 
be made to dominate the horizon over a large area by the simple expe- 
dient of dissecting it first and stripping afterward, or allowing the two 
processes to go on simultaneously. Such an explanation is not necessary 
for most of the Appalachian plateaus, at least not until someone dis- 
putes the fact that they were largely or approximately baseleveled in 
the Schooley cycle. But it helps in minor ways, as in the avoidance 
of an older and higher base level on the Harlan sandstone in the Cum- 
berland Mountains. 

The problem of accounting for a multiplicity of surfaces (topograph- 
ical or mathematical, actual or conceptual) at different levels is a main, 
if not the main, center of controversy in most discussions of cyclic 
history. The above remarks on the influence of structure bear on this 
subject. But there is another factor, recognized though not yet prom- 
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inent in discussions, which may produce surfaces at an indefinite num- 
ber of levels. This is the slow wasting of a surface without change of 
characteristic form. This is no new discovery. It was tacitly assumed 
before the cycle was born. It would scarcely be going too far to affirm 
that the coming of the cycle, with its more exact concept, its orderly 
sequences, its concreteness, and its exemplification in known forms, has 
done much to withdraw attention from a vague, universal, unobservable 
process whose results show poorly in diagrams. Yet such a process is 
going on, and it is lowering most of the earth’s surface, sometimes in 
association with valleys, sometimes without. 

Such erosion, without systematic change of form, is essentially non- 
cyclic,t for the cycle produces and reproduces a series of events and 
forms. One stage is not like another. There is a beginning, a climax, 
and an end. Cycles have parts, and the parts make wholes, and the 
wholes may be counted like apples. Non-cyclic erosion can only be meas- 
ured like cider. There is neither part nor whole but only much or 
little. The exact altitude of a surface affected by such erosion does 
not record an event but only a continuing process which may be fast 
or slow. Obviously, surfaces under such conditions may have almost 
any altitude. A mere count of altitudes would mean little in terms of 
events. 

It may need emphasizing that the cycle itself is not a physical process 
but a philosophical conception. It contemplates erosion in one of its 
aspects, that of changing form. But erosion does not always and every- 
where present this aspect. This generalization is not apt to be denied; 
in any case, the exact physical process does not concern us here. It is 
sufficient to say that the potentialities of erosion without producing 
valleys will bear far more emphasis than they have received. 

So constant is our association of valleys with erosion that it is difficult 
to think of the straight, horizontal Appalachian crests as being lowered 
scores or even hundreds of feet and yet looking the same after as before. 
The fact has long been acknowledged, though not until recently has it 
been given much significance. Hayes was first to suggest a possible 
300 feet (in the south). Recently Ashley ® has made a minimum esti- 
mate of 100 feet in a million years. 

Considering first the case of narrow ridges like those of the Ridge 
and Valley province, it is to be observed that this process of surficial 
wasting does not destroy the horizontality of a crest but only lowers 


*The substance of what is said here about the non-cyclic aspect of erosion was presented by 
the writer before the Chicago Geological Society on March 8, 1983. The same principles were 
applied to the interpretation of the Allegheny Plateau in a paper read before the Geological 
Society at its meeting in Chicago in December, 1933, and published in abstract on page 78 of the 
Proceedings for that year. 

5 George H. Ashley: Studies in Appalachian Mountain sculpture, Geol. Soc. Am., Bull., vol. 46 
(1935) p. 1895-1436. 
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it. If the amount of such wasting were everywhere the same, the rec- 
ord of cyclic erosion would not be defaced and the count of cycles and 
peneplains would not be confused. Confusion begins when one ridge 
has been lowered 30 feet and another 300 feet. Both crests received 
their flatness at the same time—i.e., when both summits were parts of 
the same peneplain. Neither one has at any time lost its flatness. Both 
are lowering now as fast as ever, and neither is at’ base level. Yet a 
casual view, and perhaps the present vogue, would assign them to differ- 
ent cycles, with the tacit implication that neither summit has been low- 
ered since uplift and that the summit plane of each cuts the mass now 
just where it did when the peneplain was made. 

Theory would indicate that the rate of erosion without valleys should 
vary with the hardness of the rock and the width of the outcrop, the 


latter being determined by thickness of stratum and dip. Even a casual 


examination of the Appalachian ridges is sufficient to indicate that such 
correlations of altitude with structure exist. Thick strata make higher 
ridges than thin ones, and the ends of pitching folds where the outcrops 
are broad, are almost invariably high. Much ingenuity has been ex- 
pended in depicting a series of base levels so that each mountain crest 
may fall in one of the assumed planes. When an equal amount of 
exact study shall have been given to correlating each height with the 
character of rock and the breadth of outcrop, the time will have come 
to decide how many base levels must be assumed. Perhaps three would 
be enough, or two; the last and extremest suggestion is one. More than 
three may be needed. 

Application of the principle of constant, universal and unequal degra- 
dation of crests is based in part on actual observation and correlation. 
The inherent probabilities in the case are almost equally deserving of 
attention. But such a consideration may also save us from going too 
far and limiting the number of cycles too severely. Judging from the 
sedimentary record, it is inherently probable that cycles of all grades 
and degrees of completeness should appear in the post-sedimentary rec- 
ord. Indeed, short, aborted cycles, resulting in local peneplains on soft 
rocks, are much more probable than such a remarkable occurrence as 
the Schooley cycle. It is not strange that such an exceptional event as 
that left the most convincing records. Yet logic would scarcely per- 
mit us, on that account, to accept the reality of the extraordinary and 
not to acknowledge the ordinary. A Harrisburg cycle, having some such 
importance as custom ascribes to it, would be quite in line with the 
expectable. 

A vivid portrayal of the effects of unequal wasting is seen in the slant 
of some ridge crests (not the axes of plunging anticlines) which can not 
be assigned to any one peneplain, one end perhaps agreeing in height 
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with an older base level, and the other with a younger. What we know 
with absolute certainty about the Ridge and Valley province is that 
there are ridges or parts of ridges at all possible heights from minimum 
to maximum; there may well be more than one height that seems to 
be specially favored. This is presumptive evidence (though not proof) 
of more than one base level. 

Turning now to plateau surfaces, unexpected reenforcement of this 
principle of erosion without change of form has recently come from our 
newborn concern with soil erosion. It has long been known that the 
gullying of fields is one of the major wastes of our civilization. Now 
it appears that even this widespread and spectacular disaster is a sec- 
ondary matter compared with the skimming of top soil with no observ- 
able change in topographic form. Bennett ® affirms that, in addition to 
the 50 million acres of gullied land in the United States, and another 50 
million acres “about as bad,” there are 125 million acres (nearly 200,000 
square miles) all or most of whose top soil has been carried away in 
the short period of cultivation. The Soil Conservation Service is under- 
taking to determine by direct observation the rate of such soil wastage 
without gullies. As a check on their methods and results it may be 
noted that the ascertained rate of wastage of moderately steep ungullied 
grass-covered slopes on loess in Missouri is not very different from the 
computed rate for the entire Mississippi basin, based on the observations 
of Humphreys and Abbott on the annual load of the Mississippi River. 
The rate of erosion is, of course, excessive on plowed fields. But the 
actual rate of such lowering is a secondary matter. No application 
of this principle to geomorphology assumes more than a minute fraction 
of the higher rates observed in soil studies. Even at Ashley’s rate of 
100 feet in a million years the Allegheny Plateau would have lost a 
bare eighth of an inch since its settlement. 

It is unnecessary to say that this erosion without valleys is in part 
dependent on steepness of slope. After making due allowance for the 
work of wind and solution, a perfectly flat upland should be narrowed 
rather than lowered. This means that the altitude of a plateau in its 
pre-mature stages is not significantly reduced. From maturity on, all 
crests are melting down concurrently with the wasting of slopes. With 
a stable base level, lowering of crests and flattening of slopes would pro- 
ceed together after the familiar pattern of the plateau cycle. With con- 
tinuous or intermittent uplift of suitable amount, the steepness of the 
slopes and the depth of the valleys may continue unchanged while di- 
vides are pared down hundreds of feet. There is no theoretical limit to 
the amount of uplift and erosion that a maturely dissected plateau may 


*H. H. Bennett: Facing the erosion problem, Science, vol. 81 (1935) p. 322. 


: 
> 
: 
ride = 
4 
RS 


CYCLIC AND NON-CYCLIC ASPECTS OF EROSION 185 


undergo without change of characteristic form. Meanwhile, in another 
portion of the same original plateau, but consisting of harder rock, ero- 
sion may have lagged behind uplift. The result will be two adjacent 
plateaus, differing in elevation and, according to customary interpreta- 
tion, representing two cycles. 

In its application, this principle is related to that of stripped plains, 
but the two are not identical. The essence of this latter view is that all 
planes are being reduced at all times, but some faster than others. In- 
deed, computations or estimates of rate made by geologists have been 
based almost wholly on the wasting of the more resistant rocks in moun- 
tains. 

The exact rate at which this general wasting proceeds is not a matter 
of primary concern. The suggested rate of 100 feet in a million years 
is somewhat slower than the general wasting of the Mississippi basin. 
The important consideration is that, if the rate of lowering is any con- 
siderable fraction of this amount, no elevated surface older than Pleisto- 
cene is properly interpreted without taking this factor into account. If 
all surfaces were lowered at the same rate the remains of former pene- 
plains would still stand in their true relative positions. But no one will 
assert that all surfaces waste equally. The result is that all correla- 
tions based on altitude are liable to error in proportion (among other 
things) to the antiquity of the surfaces concerned. Before correlation, 
all readings must be corrected by an amount dependent (to say the least) 
on time, slope, and resistance. This correction is not a minute Ein- 
steinian matter. For features dating from Miocene time it may well 
run high into hundreds of feet. To compute such corrections for pene- 
plains older than late Tertiary is an arduous task. To correlate without 
them should be classed by law as among the dangerous occupations. 

It is no reflection on the cycle to point out that its records are subject 
to complication with those of another process. Rather, it should be 
apparent that, when the complicating factor has been properly evaluated 
and allowed for, the record of cycles will be less confused and more 
trustworthy. It seems appropriate to speak of this other factor as essen- 
tially non-cyclic. It matters little whether the terminology here used 
be liked or accepted. It matters much that the facts be recognized. For 
want of such recognition the cycle is burdened with so many complexi- 
ties and inconsistencies as to impair its usefulness or even at times to 
expose it to unfriendly criticism. 


University or Cincinnati, CiIncINNATI, OHIO. 
Reap perore THE Georocicat Socrery, December 26, 1935. 
MANUSCRIPT RECEIVED BY THE Secretary oF THE Society, January 15, 1936. 
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INTRODUCTION 


Asking myself what topic is most suitable for this occasion, I have 
decided to speak upon the subject of Geological Education. I am the 
more led to do this because it is the work to which I have devoted a 
large part of a long life. 

The subject of geological education concerns all geologists, whether 
teaching or taught. Among the most important activities of any living 
creature is the reproduction of its kind. The continuance of the species 
depends upon it. So the function of a geological society is not only 
to promote investigation, but also to reproduce itself by developing a 
body of capable investigators. The latter is not less important than the 
former. Is it not surprising, in view of its significance, that this aspect 
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of our work is so rarely discussed? It is because of these facts that I 
have decided to consider it today. 

It is manifest that institutional instruction is not all-important. As 
one cannot make a diamond out of a pebble, so the possession of natural 
abilities is of the first order of importance for producing able men. As 
has well been said, “A man’s education should begin a hundred years 
before his birth.” Men of high abilities can, and at times have, achieved 
eminence alone. Nevertheless, even for them, good instruction is im- 
portant. 

I wish to speak today more especially upon the education of men of 
the first order. Not many such come into our hands, but when they do 
their interests should be conserved. 


EDUCATION OF EMINENT GEOLOGISTS IN THE PAST 
GENERAL STATEMENT 


In approaching this subject it has seemed to me profitable to ask first, 
What type of education has actually been received by outstanding stu- 
dents of geology in the past? By considering this question we may, 
perhaps, gain a more objective insight into the kind of education best 
adapted to produce men of the first order today. 

Unfortunately, we can consider but a few men in the brief time allotted. 
We cannot take those too near our time, as we have not yet sufficient 
perspective rightly to estimate their contributions. Nevertheless, the 
consideration of the education of a few eminent geologists will be sug- 
gestive. 

EDUCATION OF SOME EMINENT GEOLOGISTS 


Abraham Gottlob Werner, 1749-1817. The first man to whom I wish 
to refer is Abraham Werner. Werner was one of the most outstanding 
men among the founders of geology in Germany and one of its most 
brilliant teachers. His father was engaged in the iron industry. His 
very playthings were specimens brought from the mines by his father. 
As a young man he spent two years at the Mining Academy at Frei- 
berg. At the age of 22 he entered the University of Leipzig, where he 
remained for three years, devoting two years to the study of law and 
the third year to the pursuit of modern languages and general subjects, 
including mineralogy. Upon the completion of his work in the uni- 
versity he entered upon his career as a teacher at the Mining Academy 
at Freiberg, where he spent the remainder of his life. 

Werner became one of the most stimulating teachers of Europe. We 
do not have his words, but his students have given an account of his 
lectures. The breadth of his knowledge was remarkable. He would 
take a few pieces of stone, says Geikie, and “connect . . . his specimens 
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with the migration of races, the spread of languages, the progress of 
civilization. He would show . . . how campaigns, battles and military 
strategy as a whole had been dependent on the same cause. 

“Men advanced in years, as well as youths, sometimes even men of 
science, already distinguished, betook themselves to the acquisition of 
German that they might attend the lectures of the great oracle of Ge- 
ology. . . . Werner’s mineralogy,” says Geikie, “embraced . . . the whole 
of Nature, the whole of human history, the whole interests and pursuits 
and tendencies of mankind. . . . It seemed as if the most efficient train- 
ing for the affairs of life were obtainable only at the Mining School of 
Freiberg.” 

While many of Werner’s ideas were erroneous, a fact not surprising 
at this period of the dawn of geological science, his teaching must have 
been most virile. He attracted to his subject some of the most out- 
standing of the younger men of his day, including, among others, von 
Buch and von Humboldt. 

Leopold von Buch, 1774-1853. One of Werner’s most outstanding 
pupils was Leopold von Buch. He became, says Geikie, “the most illus- 
trious geologist that Germany has produced.” ? 

His father was an ambassador in the service of Prussia. As a youth, 
von Buch pursued mineralogy and chemistry in Berlin. At the age of 
16 he entered the Mining Academy of Freiberg as a student under Wer- 
ner. He subsequently pursued liberal studies at the universities of Halle 
and GGttingen and traveled widely in Europe. 

His education was wide and varied. “He had,” says Geikie, “an ex- 
tensive knowledge of the languages of Europe, and had read widely, 
not only in his own subject, but in allied sciences, in history, and in litera- 
ture, ancient and modern.”* His mind was enriched by travel and 
contact with many eminent men. 

Alexander von Humboldt, 1769-1858. One of the most illustrious of 
Werner’s students was Alexander von Humboldt, who was a fellow stu- 
dent with von Buch. He studied a wide range of subjects at many 
universities; finances at the University of Frankfort-am-Oder, languages 
at Hamburg, astronomy and anatomy at Jena, and mineralogy at Frei- 
berg under Werner. He also traveled widely. 

He contributed to many sciences and, according to a biographer, “laid 
the foundations, in their larger bearings, of physical geography and mete- 
orology.”* He was not only a scientist but also a statesman, representing 


18ir Archibald Geikie: The Founders of Geology (1905) p. 206, 208. The writer is indebted to 
this work for most of the facts here given concerning the life of Werner. 

2 Op. cit., p. 245. 

3 Op. cit., p. 258. 

* Encyclopedia Britannica, 14th ed. (1924) p. 877. 
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his country on important missions. The extent of his learning is shown 
by his great work, Cosmos, which embraced the whole range of human 
knowledge of his day. Says the biographer to whom I have already 
referred, “With the exception of Napoleon Bonaparte, he was the most 
famous man in Europe.” 

James Hutton, 1726-1796. While Werner’s views were widely held in 
Europe, a new school of geological ‘thought was being developed in 
Scotland by James Hutton.’ So true were his conceptions and so far- 
reaching their effects that he has been considered one of the founders 
of modern geology. 

Hutton early became interested in chemistry, a subject to which he 
gave attention all his life. Later he undertook, for a time, the study 
of law but found it uncongenial. He then studied medicine at the 
University of Edinburgh and in Paris and took his degree at Leyden. 
In middle life he devoted his attention to the pursuit of agriculture, 
which he studied in England, then in Holland, Belgium, and in the north 
of France. 

The wide scope of Hutton’s interests is, perhaps, best shown by his 
publications: The Theory of Rain, 1784; Natural Philosophy, 1792; the 
Theory of the Earth, published in 1785, republished in 1795; and a work 
in three quarto volumes dealing with metaphysics and the principles 
of human knowledge. 

“Hutton was no narrow specialist,” says Geikie. “His mind ranged 
far and wide over many departments of knowledge.” * 

Among the eminent successors of Hutton in Great Britain were Sedg- 
wick, Murchison, and Lyell. 

Adam Sedgwick, 1785-1873, was a pupil of Dawson, an eminent Scot- 
tish mathematician. At the age of 19 he entered Trinity College, Cam- 
bridge, as a student of the classics and mathematics. He became a 
wrangler and, upon the completion of his courses, a Fellow and teacher 
of mathematics in the University. At the same time he studied theology 
and was ordained a clergyman of the Church of England, an office he 
retained to the end of his life. 

Upon the retirement of the then incumbent of the chair of geology in 
Cambridge, Sedgwick was elected Woodwardian Professor of Geology 
in that institution at the age of 33. Although, as he says, he “knew 
nothing of geology at this time,” Sedgwick * was selected because of the 
charm of his personality and the brilliance of his mind. Of his later 
achievements, every geologist knows. 


5 Biographical account of the late James Hutton in Works of John Playfair, vol. 4 (1822) p. 33-126. 
Sir Archibald Geikie: The Founders of Geology (1905) p. 286. 
7 John W. Clark: Life and Letters of the Reverend Adam Sedgwick, vol. 1 (1890) p. 160. 
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Sir Roderick Impey Murchison, 1792-1871, was associated with Sedg- 
wick in his earlier geological work.*® 

As a youth he was a student of languages, mathematics, and military 
sciences. At the age of 15 he enlisted in the British army, where he 
served for eight years, seeing active duty in the Peninsular war. At 
the age of 23 he retired from the army and was married to a talented 
and highly educated woman. For the next two years he devoted him- 
self with great zeal to the study of art and archaeology in the galleries 
and museums of Europe. Then, not yet having found his real interest 
in life, he gave vent to his abounding physical energy in hunting and 
outdoor sports until he was 31 years of age. Finally, at the latter age, 
he met Sir Humphrey Davy, the eminent chemist, and began the series 
of studies which led him into geology and into that great career in 
which he became one of the most distinguished figures in British geology. 

Sir Charles Lyell, 1797-1875, was a contemporary of Murchison and 
Sedgwick and scarcely less eminent.’ 

He was born into a scholarly home. At the age of 17 he entered 
Oxford University, where he devoted himself to the study of mathematics 
and the humanities, especially the classics, literature, and poetry. In 
the university he listened to the lectures of Buckland and was awakened 
to a keen interest in geology. 

Upon leaving the university he began the study of law, which he pur- 
sued, though with diminishing interest, until he was 30 years of age. At 
the same time, however, he was actively engaged in the study of geology. 
His mind was also cultivated both by travel and by contact with many 
of the eminent scientists of his day. He became professor of geology 
in King’s College in 1831 at the age of 33. 

Lyell’s contributions to geology were not only of great importance in 
themselves, but they prepared the way, in no small measure, for Darwin’s 
great conceptions concerning evolution. 

The last British geologist to whom I shall refer in this connection, is Sir 
Archibald Geikie, 1835-1924, who was a worthy successor to the men I 
have named.” His father was a talented musician and a lover of liter- 
ature. 

Geikie began his studies under an instructor who introduced him to 
the study of Latin, which, he said, was a joy to him all his life. For a 
time he studied law. At the age of 18 he entered the University of Edin- 
burgh, where, he states, he resolved to enroll himself as a student of the 
humanities. This meant at that time, in Scotland, the study of Latin, 
Greek, and literature. This decision is particularly significant in view 


8 Sir Archibald Geikie: Life of Sir Roderick I. Murchison, vol. 1 (1875). 
® Mrs. Lyell: Life Letters and Journals of Sir Charles Lyell, vol. 1 (1881). 
% Sir Archibald Geikie: A Long Life’s Work, an autobiography (1924). 
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of the fact that he had already entered upon the geological studies which 
were destined to render him famous later. 

His geological work, begun before and continued during his university 
studies, attracted the attention of Hugh Miller, Sir William Logan, and 
finally of Sir Roderick Murchison. He became in this manner a member 
of the British Geological Survey at the age of 19. The brilliance of his 
later contributions is known to us all. 

.The most eminent American geologist was, probably, James Dwight 
Dana, 1813-1895. The wide range of his education is shown by the scope 
of his contributions. These embrace such diverse works as his System 
of Mineralogy, his monographs on Zoophytes and Crustacea, his treatise 
on Corals and Coral Islands and finally his great Manual of Geology. 
His System of Mineralogy, which, in its revisions by his son and others, 
has remained a standard for nearly one hundred years, reveals also his 
extensive knowledge of mathematics and chemistry and his acquaintance 
with languages, both ancient and modern. Probably few men, among 
those I have named, surpassed him in the breadth and accuracy of his 
knowledge. 

The most eminent student of Paleozoic paleontology in America was 
James Hall, 1811-1898, who, it is interesting to note, began his scientific 
career as a professor of chemistry in Rensselaer Polytechnic Institute." 

I cannot close this sketch of the education of eminent geologists with- 
out referring briefly to Charles Darwin, 1809-1882. While not a geologist, 
his work so profoundly influenced geologic thought that he ought to be 
named here.” 

As a youth he pursued the usual mathematical-classical courses of 
his day. He then studied medicine for two years at Edinburgh, theology 
and cultural subjects three years at Cambridge, and nature studies five 
years on the ship Beagle. His mind was further enriched in later life 
by his contact with many of the eminent men of his day, lovers of liter- 
ature, historians, and scientists. 

I would have liked to discuss also the education of Lamarck, Cuvier, 
Brongniart, Barrande, Agassiz, and others, but time forbids. 


CHARACTER OF EDUCATION RECEIVED 


An examination of the careers of the investigators I have named shows 
that they were, as a whole, men of varied and wide education. 

‘Two exceptions seem to be noted. The first of these is that of Sir 
Roderick Murchison, who began his geological career late in life and with 
little preliminary study. He had been, however, a man of varied expe- 
rience, a soldier active in campaigns, and a student of art and archae- 


11 John M. Clarke: James Hall (1921) p. 42, 45. 
12 Francis Darwin: Life and letters of Charles Darwin (1898). 
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ology. He had the good fortune to come into contact with an eminent 
scientist, Sir Humphrey Davy. He was, moreover, a man of abounding 
physical vigor and great executive ability. 

A more striking example is the case of William Smith, 1769-1839, who 
discovered the restriction of fossil species to geological horizons.'* Smith 
was greatly hampered by financial limitations. With his observant and 
discerning mind he might have attained still greater eminence could he 
have had the wide education enjoyed by the other men I have named. 

It is evident that the men to whom I have referred have been, on 
the whole, men of broad and fundamental education. All have had inter- 
ests in many fields. There has not been a narrow specialist among them. 


APPLICATION TO THE PRESENT DAY 


There is a strong tendency today to enter into early specialization. 
This is seen in the desire of students to enter upon professional studies 


without taking adequate preliminary courses. Others seek to escape. 


broad philosophical and cultural studies. This tendency is also seen in 
some institutions whose curricula may permit students to enter upon 
professional studies almost at once, or that provide short-cuts whereby 
men can pass into work for higher degrees without first pursuing broad 
and philosophical subjects. 

It is impossible to draw sound conclusions from a few cases, even 
though they be outstanding ones, and any deductions reached in this 
manner must be tentative only. Nevertheless, the weight of the evi- 
dence thus far adduced from the careers of the men whose education 
I have sketched leads to the conclusion that the best foundation for 
the development of men of the first order of ability, is a broad and philo- 
sophical education. Certainly, the men I have named have had, on the 
whole, such preparation. 

If it be objected that times have changed and that earlier students 
could pursue such courses because so little was then known, the sufficient 
answer is, read their writings. 


PROBLEMS PRESENTED IN GEOLOGICAL EDUCATION 
SUBDIVISIONS 


I wish to turn now to the more specific consideration of the character 


of the education needed by geologists today. This problem divides itself 
naturally into two parts: (1) preparatory work and (2) geological 


studies. 
PREPARATORY WORK 


General—tThe first question that presents itself in geological educa- 
tion is that concerning work preparatory to the more strictly professional 


13 John Phillips: Memoirs of William Smith (1844). 


= 
i] 
i= 
il 
| 


194 C. K. SWARTZ—GEOLOGICAL EDUCATION 


studies. This may be considered under three aspects: (1) the acquire- 
ment of tools, (2) the acquisition of a scientific background, and (3) 
the development of sound habits of work. 


Tools—Among the tools that every man needs for geological work 
is the knowledge of German and French. Other languages are useful; 
these are necessary. Is it not pitiful how many men come to the time 
of obtaining their doctorate degree with but a stumbling and halting 
knowledge of these essential languages? Some never pass beyond this 
state. It is most needful that men be urged to obtain an ability to 
use these languages readily and, also, if possible, to think in them at an 
early stage in their career. 


Scientific background—An adequate scientific background is needed 
for the effective pursuit of geology. Geology is, indeed, the application 
of other sciences to the study of the earth. All students of geology, 
whatever their special field of work, need a knowledge of physics, chem- 
istry, and their pre-requisite mathematics. In my own opinion, as- 
tronomy may well be added. More advanced students usually devote 
themselves more largely to one of two fields, called at times, inorganic 
and organic geology. For the effective pursuit of the former, students 
should have, in my opinion, more extended courses in physics, chemistry, 
and mathematics. In the organic field, invertebrate paleontologists need 
sound courses in zoology and comparative invertebrate morphology. To 
the latter are to be added comparative anatomy for the vertebrate pale- 
ontologist and plant morphology for the paleobotanist. 

If this background is not secured earlier it must be had later, in my 
opinion, for effective work. Indeed, I believe, from my own experience, 
that it is best to secure at least its more elementary aspects, before the 
elementary courses in geology are taken. 


Habits of work.—Scarcely less important than the possession of an 
adequate scientific background is the development of sound habits of 
work at an early period in the student’s career. These include precision, 
greatly helped by quantitative studies, thoroughness, and power of sus- 
tained work. Happy is that student whose earlier work has developed 
these habits. 

GEOLOGICAL STUDIES 

Grasp of principles.—I now wish to speak briefly concerning geological 
education in its more immediate aspects. 

The most fundamental thing to be inculcated, I believe, is a grasp 
of principles. There is a great difference between learning and educa- 
tion. The former implies a knowledge of facts; the latter, the power 
to think. Every student needs a knowledge of the data of geology. 
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Nevertheless, our science has grown so complex that no man can know 
it all. Indeed, most of us know but little. The committing to memory 
of long lists of formational names, fossil names, or petrographic terms 
does not constitute a knowledge of geology. These things can be found 
in dictionaries and reference works; nor does such knowledge consist in 
the acquirement of some form of technical skill. The fundamental thing 
is to know the principles of our science and such ‘portion of its data as 
will enable us to think clearly concerning them. 


Historical backgrownd.—One of the best means of obtaining a grasp 
of principles is the possession of a historical background, gained by read- 
ing the literature of the subject. To know the manner in which the 
science was developed, the history of its ideas and how the data were 
discovered, this, I believe, is of the utmost importance to the student. 
No sound grasp of the subject can be had without it. 

The current literature must be read; but especially important, as an 
aid in securing this background, is the reading of historical masterpieces 
and the works in which discoveries were described by the original investi- 
gators. Many things that are obscure in compilations are clear in the 
original writings. No man truly knows his subject who does not know 
its history. 

Critical attitude——One of the most important features is the develop- 
ment of a critical attitude concerning both our own ideas and those of 
others. Perhaps one of the most impressive things in Darwin’s work on 
- the Origin of Species was his ability to evaluate and criticize the sound- 
ness of his own thinking. The power to go back to the foundations 
on which ideas rest, the ability to pierce through assumptions, these 
are important elements of a student’s education. That man offers ill 
help to a student who teaches him to accept speculations without search- 
ing examination of their validity. 


Geological skill—In all of this I have said nothing concerning the 
development of the various forms of geological skill—the ability to deter- 
mine rock sections, to make topographic maps, to do various kinds of 
surveying, and other forms of activity which are comprised under the 
term, geological skill. All of these are desirable, and the student should 
be well instructed in them. I do not underestimate the value of skill 
nor the importance of its possession by the student: Nevertheless, it is 
in no sense a substitute for the things we have considered. 

There are certain other aspects of geological education which need 
only be named. The development of resourcefulness is one of the most 
important qualities of the student. The ability to overcome difficulties 
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which may appear insuperable, independence of judgment, the power of 
imagination, scientific honesty, all these are to be sought. 

When it comes to inculcating these things, I can only say that they 
ean be given but in part by formal education. Obtaining them is aided 
by investigation, either alone or with others, and by the use of the liter- 
ature. But in the last analysis they must be had by the effort and 
talents of the student, as the power of flight is attained by the bird. 


CULTURAL STUDIES 


I cannot close this discussion without referring in a brief way to 
the value of the cultural education that is so finely illustrated in many 
of the men of whom I have spoken. After all, a geologist is a man as 
well as a scientist. He needs that education which makes him not only 
a geologist but a cultured gentleman. That largeness of vision that 
comes from the study of the classics, philosophy, and history, that 
breadth of interest which comes from the pursuit of the humanities and 
literature, those things which make him not only a scholar but a gentle- 
man, are greatly to be desired. 


CONCLUSION 


I would like to have said a few words concerning the education of the 
ordinary youth—those men who have no expectation of entering upon 
scholarly pursuits. Some would question the desirability of their admis- 
sion into our colleges. I would advise admitting them and giving them 
the very best education possible. 

The advancement of our science depends not simply upon a few leaders, 
but also on the existence of a larger audience that appreciates the value 
of the work done, is interested in the ideas of the science, and will sup- 
port such work. Moreover, from this group may come, later, some of 
our leaders of thought. It is no accident that Italy has produced many 
eminent composers and musicians. The very boys on her streets love 
music. So from a community awakened to an interest in science may 
come, not only present support of such work, but, later, important con- 
tributors to scientific thought. 


Jouns Hopxins University, Battimore, Mp. 
MANUSCRIPT RECEIVED BY THE Secretary oF THE GeoLocicaL Society, January 13, 1936. 
READ BEFORE A JOINT MEETING OF THE GeoLocicaL Society AND THE PaLeontoLocicaL Society, December 
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Ficures 1 AND 2. GRANULITES 
bc sections, polished. Cores of the phenocryst ungranulated in figure 1, but drawn out to resemble 
lit-par-lit injections in figure 2. About half size. 


Ficure 3. AMPHIBOLITES OF LowER GRENVILLE 
Injected by pegmatite sills. Railroad track in foreground. Quebec Bureau of Mines 
photograph by F. F. O. 
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INTRODUCTION 


Shawinigan Falls, 20 miles north of the St. Lawrence River and ap- 
proximately midway between Montreal and Quebec, is 444 miles? north 
of the boundary between the pre-Cambrian shield and the St. Lawrence 
lowlands. The falls, from which the town gets its name and which are 
the source of the waterpower developed there, are in the St. Maurice 
River, which empties in the St. Lawrence River at Trois Riviéres. North 
of Shawinigan Falls, crystalline rocks of the pre~Cambrian shield crop 
out; whereas, to the south, the St. Lawrence lowland is underlain by 
nearly horizontal Paleozoic rocks, covered by extensive sand-plain that 
here borders the St. Lawrence River. 

In 1933, during the course of field work on commercial granites, for 
the Quebec Bureau of Mines,? the writer mapped an area about Shawini- 
gan Falls. At that time it was realized that the exposures about the 
town afford data on the origin and relationship to regional structure of 
the gently inclined foliation in the Grenville series. A grant from the 
Penrose Bequest of the Geological Society of America made it possible 
to do more field and laboratory work. A. O. Dufresne, Director, and 
J. A. Dresser, Directing Geologist, for the Quebec Bureau of Mines, 
graciously gave permission for the writer to use the results of his inves- 
tigations for the Bureau in preparing this paper. 

Maurice Scott acted as the writer’s assistant in the work done for the 
Bureau of Mines. N. L. Wilson assisted during six weeks of 1934 and 
carried on some independent work during the writer’s absence from the 
field. The writer is deeply indebted to G. K. Lowther, who was in the 
field for five weeks in 1934 and did much of the laboratory work which 
is described in a paper on the petrotectonics of this area now in prepara- 
tion. Several post-graduate students in the Department of Geological 
Sciences at McGill University assisted in the laboratory work and in 
the preparation of diagrams, under the supervision of the writer. 


2R. W. Ells: Geological Survey of Canada, Map 665 (1899). 
*F. F. Osborne: Commercial granites of Quebec, Part III, Quebec Bur. Mines, Ann. Rept., pt. E 
(1933) p. 21-25. 
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GENERAL GEOLOGY 
AREA MAPPED 
One of the reasons for selecting the area about Shawinigan Falls for 
field work is the simplicity of the geology. The formations mapped are 
shown in heavy type, and others, observed but not separated on the 
accompanying geological map (PI. 2), are shown in italics, as follows: 


Unsheared white pegmatite dikes 
Fine-grained granulite dikes 
Sheared red pegmatite dikes 
GRANULITES 

GABBRO 

Sheared pegmatite dikes 

Red granite gneiss 


UPPER GRENVILLE 
LOWER GRENVILLE 


The lower, or amphibolitic, part of the Grenville and the upper, or 
meta-sedimentary, part are described in this paper. The red granite 
gneiss is similar to that found in many Laurentian areas. The gabbro 
is probably a local representative of the widespread anorthosite series 
to which the anorthosite massifs of the Morin and the Saguenay districts 
belong. The older, sheared, red pegmatites are local, and their age is 
uncertain, although they resemble certain pegmatite dikes in other dis- 
tricts associated with the anorthosite series. The granulites are repre- 
sentatives of a widespread group, possibly related to the anorthosites. 
They have undergone deformation, giving pronounced augen, and even 
flaser, structures. Narrow, fine-grained, dark dikes, probably of a facies 
of the granulites, occur in the area, but are not shown on the map. Light- 
colored, unsheared pegmatite dikes cut granulite and Grenville and are 
parallel to the ac plane * of the Sander fabric axes of the younger direc- 
tion of deformation. They are the youngest of the bedrock formations 
recognized in this district. The relationship of one small outcrop of pink 
granite to other formations could not be determined. 


AGE OF FORMATIONS 


There has been little attempt to separate the different members of the 
complex whole of the Laurentian area in Quebec that was called “the 
Laurentian system” by the early Canadian geologists, and even less 
attempt to determine their geologic ages. Several reasons exist for this 


3a, b, and c refer to the fabric axes as defined by Sander—+.e., a and 6b lie in the plane of 
foliation at right angles to one another, b being parallel to the direction of minor fold axes; 
and ¢ is the normal to the foliation. 
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situation. The Grenville is the oldest and only meta-sedimentary series 
recognized, the rest of the complex being of plutonics, which show con- 
siderable facies variation and have been deformed so that, in many places, 
relationships that were once apparent are now not clear. Perhaps the 
most cogent reason for the lack of knowledge is that detailed mapping 
in the complex has been restricted to separated areas, and correlation 
between areas so mapped and others even close by is uncertain. No area 
close to Shawinigan Falls has been mapped in detail beyond the limits 
of the accompanying map, so that the relationships suggested in this 
paper are derived in part by inference drawn from relationships in areas 
some distance away. 

No series older than the Grenville has been found. It is intimately 
associated with a fine-grained rose granite gneiss, which is assumed, 
from evidence gained elsewhere, to be the next younger rock. The red 


HALIBURTON - BANCROFT 


Ficure 1—Location map of Shawinigan Falls 


granite gneiss is cut by rocks of the Morin series, the most distinctive 
member of which is anorthosite, but dark-colored rocks, including gabbro 
and some quartzose varieties, are recognized as belonging to the same 
series. The writer formerly believed that certain biotite, biotite-horn- 
blende, and hornblende-augite granites were much younger than the 
anorthosite because they are observed to cut anorthosite in places, but 
work on the northwest corner of the Morin anorthosite shows that grada- 
tional rocks connect these granites to anorthosite. Thus, they may be 
members of the series to which the granulites of the Shawinigan Falls 
district also belong. The writer believes that the Roberval granite,‘ 
cutting the anorthosite in the Lake St. John district, may be the granite 
connected with the Morin series, and that this granite is the one that 
gave rise to the pegmatite dike near Lac Pied des Monts, from which 


*J. A. Dresser: A part of the district of Lake St. John, Quebec, Geol. Surv. Can., Mem. 92 
(1916) p. 26. 
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Ellsworth > determined a lead-uranium ratio of .148, corresponding to a 
middle pre-Cambrian age. If these deductions are correct, the rocks at 
Shawinigan Falls, with the possible exception of the youngest pegmatite 
dikes, are at least of this age. 

STRUCTURE 


The structure of the area is more fully discussed in the paper on the 
petrofabrics, to which reference has already been made. The foliation 
is horizontal or dips at low angles, as has been emphasized by Ells,* in 
his report on the larger area including the Shawinigan Falls district. 
Daly * has suggested that the low dip of foliation in the Shuswap terrane 
in British Columbia may be the result of load metamorphism, but 
Gilluly * has shown by petrofabric analysis that such may not be the 
case, although load may have had some influence on the attitude of the 
foliation. The petrofabric diagrams of the Shawinigan rocks are similar 
to those of the Shuswap, prepared by Gilluly, and the gently dipping 
foliation is probably not the result of load metamorphism. 

The uniformity of the attitude of foliation is broken by a syncline of 
upper Grenville rocks. The western limit of the syncline is beyond the 
limits of the present map, but the eastern limb crosses the area. Near 
the edges of the syncline the lower Grenville passes beneath the upper 
Grenville, and the dips are as steep as 30 degrees toward the axis of the 
syncline. Within the upper Grenville the structure is, in general, syn- 
clinal, but many irregularly disposed folds are found. The upper Gren- 
ville appears to have behaved incompetently against the lower Grenville. 

Most of the quartzites and amphibolites have been affected by a folding 
whose tectonic axis ® trends northwest and is approximately horizontal. 
The rocks along a zone close to, and approximately parallel to, the course 
of the St. Maurice River have been affected by a deformation which is 
younger than, but may be a part of, the older. The tectonic axis in this 
zone trends northeast and is also nearly horizontal. 

In each of these constrasting structural zones the elongation of minerals 
is parallel to the tectonic axis, and the joints also reflect the differences 
in direction of the forces. 


SH. V. Ellsworth and F. F. Osborne: Uraninite from Lac Pied des Monts, Saguenay district, 
Quebec, Am. Mineral., vol. 19 (1934) p. 425. 

*R. W. Elis: The Three Rivers map area, Geol. Surv. Can., Ann. Rept. XI, pt. J (1898). 

7R. A. Daly: A geological reconnaissance between Golden and Kamloops, B. C., along the Cana- 
dian Pacific Railway, Can. Geol. Surv., Mem. 68 (1915). 

8 James Gilluly: Mineral orientation in some rocks of the Shuswap terrane as a clue to their 
metamorphism, Am. Jour Sci., 5th ser., vol. 28 (1934) p. 182-201. 

®“Tectonic axis’’ was proposed by Gilluly (op. cit., p. 185) as substitute for ‘tectonic strike” 
of Schmidt. 
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GRENVILLE SERIES 
GENERAL RELATIONSHIPS 


William Logan gave the name, Grenville, to the meta-sedimentary 
series in Grenville township, which is in Quebec and north of Ottawa 
River, about 60 miles from Montreal. He and his co-workers of the 
Geological Survey of Canada traced the series north, east, and west from 
the type locality, rudely bounding an area, approximately that known 
today as the Canadian Grenville sub-province of the pre-Cambrian 
Shield. Within the sub-province, however, the series is not uniform 
in thickness or composition. Its thickness increases to the west of the 
type locality, and is great in the county of Hastings, Ontario. It is there 
associated with the lithologically similar, but apparently slightly younger, 
Hastings series, which is not certainly recognized elsewhere than in Hast- 
ings County. Using the results of measurements along the North Hast- 
ings road, Adams and Barlow *° estimated that the thickness of the Gren- 
ville and Hastings series is about 94,400 feet. The rocks are closely 
folded, however, and the true thickness of the series there is probably 
less than twenty thousand feet,’4 which is, nevertheless, greater than 
that known elsewhere in the Grenville sub-province. In any restricted 
area in Quebec, including the section at the type locality, an exposed 
thickness of 5000 feet is more probable than the greater thicknesses 
estimated. 

Undue emphasis has been placed upon the proportion of limestone in 
the Grenville series as a whole. In Grenville township a considerable 
proportion of the exposures are of limestone, but north and east of it 
the proportion of crystalline limestone is much less than in the type 
locality. Over extensive areas, limestone does not form over five per 
cent of all outcrops of the series. Quartzite is locally about as abundant 
as limestone and at places, especially east of Grenville township, exceeds 
it in amount. Other members of the series are sillimanite gneisses and 
amphibolites. The sillimanite gneisses are obviously derived from alum- 
inous sedimentary rocks, but the origin of the amphibolites is uncertain. 
Perhaps some rocks are altered basic lavas or graywackes; some are 
derived from basic dikes; a few may be metamorphosed impure dolomitic 
limestone. 

In Hastings County the bedding strikes east and west, whereas, in 
Quebec the strike is slightly west of north; and the folding in Hastings 
County appears to be more nearly isoclinal than that in Quebec. East 


2° F. D. Adams and A. E. Barlow: Geology of the Haliburton and Bancroft areas, Ontario, Geol. 


Surv. Can., Mem. 6 (1910) p. 33. ; 
uF. F. Osborne: Non-metallic mineral resources of Hastings County, Ontario Dept. Mines, 


vol. 39, pt. 6 (1930) p. 27. 
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of the large massif of anorthosite in Morin and adjacent townships the 
folding is open. For example, near St. Gabriel de Brandon, quartzites 
and limestones of the Grenville series are nearly horizontal for about one 
hundred square miles.‘? At other places, strata are inclined, but folding 
is not isoclinal except in some incompetent beds. 

In the less tightly folded area of Grenville, at Shawinigan Falls, at 
Riviére 4 Pierre,* and in some other districts east of Montreal, the series 
appears to be divisible into two distinct parts. In these localities the 
amphibolitic lower part of the series extends as indicated by the dip of 
foliation and bedding, beneath a recognizable meta-sedimentary part 
of the series. At Shawinigan Falls the two parts of the series appear to 
be conformable and transitional, but some observations, to be discussed 
later in this paper, suggest a slight unconformity. At Riviére 4 Pierre, 
two parts of the series have folds with axes in the same direction, but 
the evidences of transition are not, because of scarcity of exposures, 30 
certain as they are at Shawinigan Falls. The upper part of the series is 
composed of the quartzites and aluminous beds with subordinate crys- 
talline limestone. The quartzites at all localities form prominent out- 
crops. Possibly, there is only one heavy quartzite band in the district 
from Shawinigan Falls eastward for 75 miles, and the numerous promi- 
nent quartzite ridges may be only different parts of the same member. 

The composition and structure of the amphibolites are such that their 
original nature is not clear. They may have been Keewatin basic tuffs, 
flows, or graywackes. At Shawinigan Falls the scarcity of bedding indi- 
cates an originally rather massive or heavy-bedded rock, of rather uni- 
form composition, suggesting derivation from tuffs or flows. Part of the 
amphibolite at Riviére 4 Pierre is derived from basic dikes which cut 
other amphibolites. Although the Grenville was originally defined as a 
meta-sedimentary series, it contains volcanic material. North of Gren- 
ville township, in the Labelle-l’Annonciation area, flows or tuffs are 
probably intercalated in the Grenville series.‘* Tuffs occur in the thick 
Haliburton and Bancroft section, and there is some evidence of a break 
in the deposition of the Grenville series near their horizon; indeed, at 
places they underlie the Hastings series. Pillow and other lavas*® from 
near Actinolite have been described as underlying the Grenville, but the 
writer could find little evidence that the volcanic rocks might not be an 


12F, D. Adams: The geology of a portion of the Laurentian area lying north of the Island of 
Montreal, Geol. Surv. Can., Ann. Rept., vol. 8, pt. J (1895) p. 17. 
13F, F, Osborne: The contrasting plutonic massifs of Riviére 4 Pierre, Am. Jour. Sci., 5th ser., 


vol. 27 (1934) p. 418. 
14 F, F. Osborne: Labelle-l’A iation map area, Quebec Bur. Mines, Ann. Rept. (1934) in press. 


15 W. G. Miller and C. W. Knight: The pre-Cambrian geology of southeastern Ontario, with an 
appendix on the correlation of the pre-Cambrian rocks of Ontario, western Quebec, and southeastern 
Manitoba, Ontario Bur. Mines, Rept. 22, pt. 2 (1914). 
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intercalation in the Grenville. Accordingly, there is little reason for 
regarding the amphibolites in these areas as a series separate from 
Grenville. 

At Shawinigan Falls, red granite gneisses form many sills and dikes 
in the amphibolites but were not observed to cut the upper Grenville. 
Possibly they did not advance into the massive quartzites, because 
of unfavorable physical characteristics, but it might be expected that a 
few dikes would form in the quartzites if they are older than the granite 
gneisses. The apparent transition zone between the two parts of the 
series might be explained by metamorphism of a weathered zone above 
massive lavas, suggesting an unconformity. One outstanding difficulty 
in the way of an acceptance of the theory of an unconformity here is 
that the granite gneisses include fragments of foliated amphibolite and 
follow foliation planes in it, and the foliation planes in the amphibolite 
conform, in general, to those in adjacent meta-sedimentary rocks, sug- 
gesting that the granite gneisses intruded the amphibolite after meta- 
morphism. If one postulates the theory that the amphibolites were 
metamorphosed, intruded by granite gneiss, and eroded before the defor- 
mation of the sedimentary rocks, it is necessary to suppose that deforma- 
tion, of a rather special kind necessary to give open folds, was repeated 
after the deposition of the sedimentary rocks. 

Probably, the two series are conformable, but there is possibility of a 
break between them. Perhaps the amphibolites may be local repre- 
sentatives of the Keewatin lavas, but more work, especially near the 
boundary of the Grenville and the Timiskaming sub-provinces, is neces- 
sary before such an interpretation can be established. 


STRUCTURE 


The generally low angle of dip of the Grenville rocks has been men- 
tioned. The attitudes of the amphibolites are shown on the geological 
map (Pl. 2). The dips do not at most places exceed 30 degrees, and, 
close to the eastern limb of the syncline of upper Grenville rocks, dips 
of 20 degrees to the southwest are common, but the regularity of the dip 
of the amphibolites in the area to the east is broken by small domed 
structures, indicated by reversals of the direction of dip. These, however, 
are too small to be worthy of the name of folds. 

A little less than half of a syncline of upper Grenville rocks lies on 
the west side of the area mapped. The axis of the syncline strikes 
N. 30° W. The pitch has not been determined, because of the com- 
plexity of folding of some of the members, but observations, north of 
limits of the area mapped, suggest a pitch to the south. Within the 
syncline the structure is more irregular than in the amphibolites, and 
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dips are steeper. Toward the axis of the syncline the structure is more 
complicated, probably because the thinly bedded members of the upper 
Grenville are incompetent. 

Throughout the syncline the schistosity is parallel to the banding (con- 
sidered as representing bedding) in the members, with the exceptions of 
the crystalline limestone. The limestone members are so thin and the 
schistosity so irregular that few structural data were derived from them. 


AMPHIBOLITES 
Distribution—Amphibolites are of widespread distribution in the 
Canadian pre-Cambrian, occurring in formations of older and middle 
pre-Cambrian age. Many of the Keewatin schists are, in reality, amphib- 
olites, and this is especially true where they have been affected by 
granites. At some places, diabases also have yielded amphibolites. In 
Grenville rocks, numerous varieties of amphibolite occur. In their 
classic memoir on the Haliburton and Bancroft areas, Adams and Bar- 
low ?* described many varieties. 


Petrography.—In the Shawinigan Falls area, however, as already noted, 
the amphibolites are fairly uniform in appearance. They underlie the 
sillimanite gneisses of high-grade metamorphism and are, therefore, as- 
signed to a high grade, although elsewhere some amphibolites may be of 
lower grade. Schistosity is apparent but not conspicuous in every out- 
crop, but bedding is rarely seen. No stretching was observed. 

Sills of granulite, resembling the amphibolite in their pepper-and-salt 
appearance, are common in the amphibolites, and some are only cer- 
tainly separable in thin section. Most of these granulites are not mapped 
separately from amphibolites. 

Thin sections of the amphibolites show more differences in the pro- 
portion of minerals than would be expected from the uniformity of the 
hand specimens. Plagioclase (oligoclase or andesine) is invariably pres- 
ent, and in most rocks a few grains of quartz may be found. Other 
minerals are more inconstant in occurrence. Garnet and scapolite occur, 
but are in small and sporadically distributed anhedra. Sphene commonly 
occurs with them but is more nearly idioblastic. A green amphibole is 
the most common of the dark minerals, but pyroxene occurs in some 
rocks. Biotite, in small amounts, occurs with the hornblende, in rocks 
without pyroxene. The amphibole in most of the rocks appears to tend 
toward the alkaline varieties, as indicated by pleochroic colors, a trifle 
bluer than usual. The pyroxene in some rocks is colorless diopside, but 
where it occurs without hornblende, the pyroxene is pleochroic in shades 


3¢F, D. Adams and A. E. Barlow: The geology of the Ha’.burton and Bancroft areas, Geol. Surv. 
Can., Mem. 6 (1910). 
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of blue-green, probably indicating the presence of alkalies. The color 
is a trifle deeper and less olive in hue than that of omphacite in eclogites, 


but it is probably of an omphacite type. 


Chemical Composition—The chemical composition of a typical speci- 
men 2" is given in Table 1, and for comparative purposes the composition 


of an average basalt and of an average andesite are also shown: 


TaBLE 1—Composition of the amphibolites 


Specimen 
Constituent 
I II III IV V VI VII 

55.70 | 59.59 | 49.06 | 70.55 | 64.10] 55.80] 51.20 
.90 77 1.36 1.80 2.00 2.95 
15.50 | 17.31 | 15.70) 13.83 | 17.50 | 16.48 | 16.08 
2.95 3.33 5.38 .88 .67 .90 
6.14 3.13 6.37 8.38 7.91 5.95 | 11.26 
.05 18 31 .05 nil trace .08 
Oe §.21 2.75 6.17 1.30 1.50 4.31 5.96 
6.90 5.80 8.95 1.00 1.60 4.30 1.60 
3.43 3.58 3.11 .42 1.22 3.71 .96 
ee ae 1.78 2.04 1.52 1.32 3.49 5.66 6.90 
H,O — 105°...... .30 nil .30 .30 .40 
H,0 + 105°...... .60 } .70| 1.50 

99.81 | 100.00 | 100.00 | 100.13 | 100.04 | 100.03 | 99.89 

I. Specimen No. 2—Amphibolite. W. H. Herdsman, analyst. 

II. Daly’s average of 87 andesites. 
III. Daly’s average of 198 basalts. 
IV. Specimen No. 38—Sillimanite gneiss with very little injected pegmatitic material. W. H. 


Herdsman, analyst. 
V. Specimen No. 35—Sillimanite gneiss with injections of pegmatitic material. W. H. Herdsman, 


analyst. 


VI. Specimen No. 115—Biotite hornfels. W. H. Herdsman, analyst. 
VII. Specimen No. 110—Schliere in granulitee W. H. Herdsman, analyst. 


QUARTZITES AND SILLIMANITE GNEISSES 

Distribution.—In the Shawinigan Falls area the quartzites, sillimanite 
gneisses, and related rocks of the upper Grenville are confined to the 
infolded syncline, cutting across the western side of the area mapped. 


17The numbers of specimens for which chemical or petrofabric analyses were made are shown 


in their proper position on the accompanying geological map. 
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The quartzitic members of the upper Grenville are conspicuous in bold 
outcrops. 


Petrography.—aA series of intermediate rocks occur between pure 
quartzite and gneisses with abundant sillimanite and garnet. All of them 
show traces of bedding, and in some the bands are so thin that several, 
of slightly different compositions, occur in a single thin section. Quartz- 
ites without accessory garnet or sillimanite are rare, mostly in beds from 
2 to 12 inches thick, although at one place there is a relatively pure 
quartzite, 75 feet thick. Even the purer quartzites, however, may con- 
tain a few flakes of muscovite and be stained by thin films of iron oxide 
along fractures. They are less schistose than the impure bands, and the 
elongation of the quartz grains in the b direction is not conspicuous, 
although the ac cracks are marked. 

In the quartzites with about 75 per cent of quartz, there are commonly 
garnet, sillimanite, biotite, feldspar, graphite, rutile, and iron ore minerals. 
In such rocks, quartz grains commonly have the form of pods with sutured 
boundaries, elongated in the b direction. Some of the quartz grains are 
broken; strain shadows are common; and, in thin section, microscopic 
fractures and lines of inclusions mark the trace of the ac plane. Frac- 
tures in the ac plane are found in the garnets of almost all specimens, 
but in a few the garnet is actually drawn out in the b direction by frac- 
turing, as if the deforming stresses had continued or been renewed after 
the garnet had lost its recuperative power. 

Plate 3, A and B, are photomicrographs of an ac and ab section, respec- 
tively, of specimen 121.** The contrast in the shapes of the grains in the 
two sections is well shown. Plate 4, D, shows the elongated garnet in 
quartzite, specimen 122. 

The white quartzites grade into greenish-gray sillimanite and garnet- 
gneisses, which make up about fifty per cent of the upper Grenville ex- 
posed in this area. With increase in the amount of sillimanite, the garnet 
also increases. In most of the rocks, garnet is in red porphyroblasts, 
about a quarter of an inch in diameter, but a few are a foot in diameter. 
The foliation, which is, to a considerable extent, dependent on the silli- 
manite, is more pronounced than that in the quartzites. This seems to 
have made the sillimanite gneisses susceptible to lit-par-lit injection by 
pegmatitic material, and some injected feldspar occurs in addition to 
feldspar developed in the normal course of metamorphism of rocks of 
this composition, where, as in the quartzites, linear stretching may, or 
may not, be visible in the field. Megascopic tension (ac) cracks are 


38 The location of specimens for which fabric or chemical analyses were made is shown by the 
specimen number on the geological map. The fabric diagrams are given in another paper. 
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rarely visible in the rock as a whole, but are invariably well developed 
in the garnets. At some places, however, the garnets are so shattered 
that it becomes difficult to distinguish different fracture systems. 

Most of the sillimanite gneisses are so coarse in grain that the propor- 
tion of minerals cannot be determined accurately from one thin section. 
Quartz is commonly the most abundant constituent, making up from 
35 to 40 per cent of the rock. Garnet and sillimanite each make about 
15 to 20 per cent. Some feldspar is invariably present, and the amount 
is considerable where lit-par-lit injection has been extensive. Biotite, 
rutile, graphite, and iron ore are accessory. Quartz anhedra occur, as 
in the quartzites, in the form of disks (in a few places, elongated parallel 
to b) with their longer axes in the plane of the foliation. The grains 
interlock along complex sutures and invariably show strain shadows and 
commonly microscopic cross (ac) fractures and rows (representing the 
traces of planes) of fluid inclusions. The feldspar is, in most cases, a 
microcline-microperthite. It forms disks and augen with less intricate 
margins than those of the quartz. 

Sillimanite occurs in aggregates, replacing laminae of appropriate 
composition in the original rock. It forms prisms averaging 0.1 by 0.1 
millimeter in cross-section and one millimeter in length, with character- 
istic (010) cleavage and cross fractures parallel to (001). The prisms 
of sillimanite lie with their long axes in the plane of schistosity and are 
commonly elongated in the direction of stretching (b). In rocks con- 
taining large porphyroblasts of garnet, the: crystals of sillimanite lie 
around the porphyroblasts (Pl. 4, A), so that the orientation is not so 
perfect as in the rocks free from garnet. 

In practically all the sections examined the sillimanite shows the be- 
ginning of a retrograde’® change. The alteration commences as a 
yellowish-brown discoloration, forming at the mergins of the crystals 
and along the cross-fractures. In a few crystals the sillimanite has been 
completely replaced by a fibrous, or lamellar, yellowish-brown aggregate. 
The pseudomorph retains the crystal outline, the cross fractures, and, 
at a few places, the cleavage cracks of the original sillimanite. The 
mineral, forming, as it does, only one per cent of the rock, could not be 
isolated for more precise determination of the optical properties. In two 
rocks the feldspar and sillimanite are altered to a fibrous mineral with 
optical properties near those of nacrite. 

Garnet occurs as porphyroblasts, some of them elongated (in the 6b 
direction) in the plane of foliation. The outer parts of the crystals con- 
tain many inclusions of quartz, biotite, iron ore, rutile, and sillimanite 


1®The rather cumbersome ‘‘diaphthoresis’ has been variously called regression, retrogradation, 
retrogression in English. 
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needles, averaging about 0.01 by 0.1 by .1 millimeter—i. e., Yooo of 
the mass of those outside the garnets (Pl. 4, A). The central half of 
the porphyroblasts contains few, if any, inclusions, indicating that 
porphyroblasts of garnet started to form before sillimanite, or that at 
an early age they could expel inclusions. The sillimanite needles in the 
garnet would make any “snowball” texture at once apparent. As it is 
not observed, there has probably been no rotation of the garnets, at least 
during the later stages of their growth. 

Biotite is not abundant either in the quartzites or in the sillimanite- 
garnet gneisses, and appears to be confined to parts of the rocks that have 
escaped the full effects of the shearing stress or to be the result of retro- 
grade changes. Plate 4, B and D, show biotite in a (hkO)*° fracture in 
garnet. Possibly, the fracture in this rock represents an ac crack of 
the younger deformation. 

The relationships of the pegmatite stringers in the rocks of this group 
are discussed in this section rather than in the section on igneous rocks, 
because of their intimate association with the rocks of this group and 
the fact that it has been impossible to relate most of them to any plutonic 
rock in the area. The schistosity of the sillimanite rocks, as already 
stated, seems to have made them susceptible to lit-par-lit injection, 
whereas the quartzites have a somewhat different form of pegmatite in- 
jection. It may be questicned whether the pegmatites result from meta- 
morphism or from injection. They may form either way. In the gneisses, 
most of the pegmatite stringers follow the foliation closely and are about 
a quarter of an inch thick, but, less commonly, they may transgress the 
foliation for a short distance and be as much as a foot thick. Some 
pegmatite forms pods elongated in the foliation plane, but in the quartz- 
ites such pods are rare, and the feldspars form irregular masses as much 
as six inches in diameter. 

Thin sections show that pegmatites of both types consist of finely 
twinned microcline-microperthite with subordinate quartz and occasional 
grains of albite, some of which are myrmekitic. Sillimanite and garnet 
were not found in the stringers, and the individual grains of feldspar are 
larger than those of the host rock. It seems doubtful that diffusion could 
operate to such an extent as to bring about the segregation of constituents 
into bands to the extent observed. And, in any case, the transgressive 
character of some stringers would indicate that they are injections, 
although perhaps representing the preferential fusion of constituents of 
the gneisses rather than offshoots from a granite. The quartz and the 
feldspar in the pegmatite have not shared so completely in the deforma- 
tion as have those of the gneisses, for they have not been reduced to so 


2 (hkO) is a method of designating planes referred to the Sander fabric axes. 
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lenticular a habit. Plate 3, C, shows two lenses of feldspar in garnet- 
iferous quartzite. 

Chemical composition of sillimanite gneisses—Specimen 35, determined 
by Rosiwal analysis, is as follows: 


Constituent Per cent 
40 
Fibrous alteration product of sillimanite.... 10 


Two sillimanite gneisses were selected for analyses, one to represent 
rock with little injected material, the other, that with numerous injec- 
tions. The results are shown in Table 1, analyses IV and V. Unfor- 
tunately, it was not possible to choose specimens that were known to be 
of the same original composition. 


GRENVILLE LIMESTONES 


Distribution—Crystalline limestones in the Grenville series are not 
abundant in localities east of the type area. In the vicinity of Shawinigan 
Falls they occur in the upper part of the upper Grenville, in thin beds 
interstratified with quartzites, garnetiferous quartzites, and garnet and 
sillimanite gneisses. Most of the bands are from 2 to 20 feet thick, but 
pinch and swell along the strike. The thinner bands, at least, are dis- 
continuous. The thickest band observed was found along the southeast 
contact of the gabbro. 


Petrography—tThe limestones are light-colored, medium- to coarse- 
grained rocks, containing, in addition to carbonates, some diopside, ser- 
pentine, quartz, plagioclase, orthoclase, apatite, garnet, phlogopite, 
scapolite, titanite, graphite, pyrrhotite, and magnetite. Some of these, 
suggesting introduction of material from a magma, are especially abund- 
ant in the vicinity of granulitic and granitic intrusions, but also occur 
elsewhere in the limestones without visible connection with intrusive 
rocks. The phenomena observed along igneous contacts are described 
in a later section; only the characteristics of the limestones throughout 
the greater part of the area, in which introduction of material cannot be 
ascribed to any visible igneous body, are described here. 

The relatively pure limestones, consisting almost entirely of carbonate, 
show little, or no, foliation. At places in the impure limestones the 
silicate minerals are distributed uniformly, but more commonly they 
give the rock a rude banding, because of differences in concentration 
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from layer to layer. In limestones containing much mica the schistosity 
is emphasized by the mica plates parallel to the rock layers. 

One of the most abundant varieties of limestone is a light-colored rock 
containing about 60 per cent carbonate and 35 per cent dark-green ser- 
pentine. The calcite grains, from .02 to .10 inch in diameter, meet along 
complex sutures. The serpentine is almost colorless in thin section and 
occurs in rounded masses, most of which are from .05 to .20 inch in 
diameter. In a few thin sections small disconnected areas of diopside, 
showing simultaneous extinction, occur in the aggregates of serpentine, 
showing that, at least in these instances, the serpentine is derived by 
alteration of pyroxene. Plate 5, A, shows a typical serpentine limestone. 

Another variety of impure limestone consists almost entirely of quartz 
and calcite. The quartz occurs in large irregular lenses, made up of a 
number of individual grains, but with the greater axes of the lenses lying 
parallel to one another. Still another variety contains abundant diopside, 
commonly altered to serpentine, together with plagioclase, phlogopite, and 
scapolite. In such rocks the amount of carbonate may be small. Titanite, 
apatite, orthoclase, garnet, and pyrrhotite occur in widely diverse amounts 
in some, but not all, of the thin sections. Pyrrhotite is abundant in some 
bands of limestone and is commonly present also in the overlying and 
underlying gneisses. It causes both rocks to weather to a rusty color. 
As Adams”! noted, the presence of “rusty weathering” gneisses is a good 
guide to the location of limestone in the Grenville. 


PETROGRAPHY AND PETROLOGY OF THE IGNEOUS ROCKS 
RED GRANITE GNEISS 


Distribution and relations——No large bodies of granite are found in 
the area, but red granite gneiss is everywhere intimately associated with 
the amphibolites: it forms about 20 per cent of the exposures of Lower 
Grenville and occurs as injections parallel to the foliation, from an eighth 
of an inch to over five hundred feet in thickness. The larger sheets 
contain many inclusions of amphibolite near their borders. At some 
places, the inclusions are massive, irregular in shape, and injected by 
granite along numerous fractures. More commonly, however, they occur 
as narrow, elongated, well-foliated lenses with their longer axes parallel 
to the foliation of the granite. The main contact between sills and 
granite is gradational, ranging from granite with a few elongated am- 
phibolite inclusions, through amphibolite injected in lt-par-lit fashion 
by granite, to amphibolite with a few small granite sheets. When folia- 
tion in the sheets of granite can be seen megascopically, it is parallel to 


2.F,. D. Adams: Geology of a portion of the Laurentian area lying to the north of the Island 
of Montreal, Geol. Surv. Can., Ann. Rept., vol. 8, pt. J (1895) p. 33. 


8 
j 


212 F. OSBORNE—-PETROLOGY OF THE SHAWINIGAN FALLS DISTRICT 


that of the enclosing amphibolites. At some places, dike-like bodies are 
observed as offshoots from the sills, and the sills may cut across the 
structure of the amphibolites in shifting from band to band. If the 
transgressive part is less than about 12 feet thick, the foliation planes 
in the dikes are parallel to those in the amphibolites—i. e., transverse 
to the walls of the granite gneiss. The thicker transgressive bodies may 
be foliated parallel to their walls, where they transgress the amphibolites. 


Petrography.—The typical red granite gneiss is a fine- to medium- 
grained rock, consisting almost entirely of feldspar and quartz, although 
a small amount of biotite is invariably present. Hornblende, iron ore, 
apatite, titanite, and zircon occur sparingly as accessories. 

At most places, no linear structures are visible in hand specimens of 
the rock; the foliation, however, is marked by a segregation of the con- 
stituents into distinct layers. Quartz especially shows a tendency to 
occur in thin sheets, which, under the microscope, in sections across the 
foliation, appear as narrow bands traversing a granoblastic aggregate of 
feldspar with some quartz. Some of the bands are composed of one 
grain, but most of them consist of a number of rectangular individuals 
placed end to end (Pl. 5, C). The quartz in the groundmass shows a 
lesser amount of elongation in the plane of the foliation, but fabric 
analyses indicate that it has the same orientation as that in the bands. 

The feldspars include potash feldspar, oligoclase, and microperthite. 
Together they make up as much as 80 per cent of some of the rocks. 
The grid structure of microcline is conspicuous in some sections, but 
faint in others. Faint traces of the grid structure occur at the borders 
of grains, which otherwise appear to be orthoclase. Oligoclase is com- 
monly untwinned, and, where twinned, the lamellae are narrow. There 
are a few grains of myrmekite. In a few rocks the principal feldspar 
is microperthite. Although in most thin sections the feldspars are fairly 
fresh, there are small amounts of sericite, kaolinite, and calcite. 

The granites exhibit considerable evidence of movement. Feldspars 
are commonly granulated at their borders, and some grains are bent. 
The granulated material is traversed by bands of quartz, showing that 
the granulation began before all the quartz had solidified. Occasional 
feldspar augen, as much as an inch in diameter, are preserved, suggesting 
that much of the apparently granoblastic fine-grained feldspar in the 
matrix may have resulted from the breaking of much larger crystals. 
In many places, actual movement can be seen to have occurred in quartz 
along planes parallel, or nearly parallel, to the prism faces. 

Photomicrographs of typical granite gneiss are shown in Plate 5, C 
and D; C is normal to the foliation; D is a be section. The long quartz 
rod, crossing the central portion of D, is composed of a number of parallel 
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quartz lamellae, alternate lamellae possessing almost identical orienta- 
tions, and in adjacent lamellae the directions of the quartz axes not devi- 
ating by more than 8 degrees from one another. The optic axes lie very 
nearly in the plane of the section and are almost parallel to the elon- 
gation of the lamellae. This rod evidently represents a single quartz 


Taste 2.—Composition of the granite gneiss 


Specimen 
Constituents 

I II III IV V VI 
72.40} 71.69 | 46.70} 66.50| 65.40] 68.65 
14.03 |} 14.84] 17.85 | 14.24] 15.66} 15.47 

OY nil trace .18 | trace .08 nil 
.18 .37 4.16 1.23 1.26 .36 
1.20 1.03 8.95 3.60 3.10 3.00 
2.63 3.13 2.96 2.68 2.86 2.49 
6.32 7.09 1.06 4.22 4.87 5.31 
10 10 .10 .20 .10 .05 
.40 .49 .25 .80 .90 .90 

100.10 | 99.99 | 99.74}; 99.92 | 100.09 | 100.00 


I. Specimen No. 9—Red granite gneiss. W. H. Herdsman, analyst. 
II. “Granitite gneiss,” Kipawa Lake, Pontiac County, Quebec, (Geol. Surv. Can., Ann. Rept. 9, 
pt. R (1898) p. 18-20). 
III. Specimen No. 144—Border facies of gabbro. W. H. Herdsman, analyst. 
IV. Specimen No. 81—Granulite with red feldspar augen. W. H. Herdsman, analyst. 
V. Specimen No. 83 (same locality as No. 81)—Granulite with green feldspar augen. W. H. Herds- 


man, analyst. 
VI. Specimen No. 132—Granulite with garnets. W. H. Herdsman, analyst. 


crystal, in which slipping has taken place sub-parallel to the prism 
faces, resulting in slightly divergent orientations in adjacent lamellae. 

Chemical composition—The composition of a typical red granite gneiss 
is shown in Table 2, analysis I, together with that of another gneiss, 
analysis II, from Quebec for comparison. 

The similarity of the analyses is marked; but, in contrast, it should 
be noted that most analyses of granite gneisses from the Granville sub- 
province show soda about equal to potash. 
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GABBRO 
Distribution.—The gabbro on the western side of the area is a dark- 
colored, greenish-brown rock which weathers gray. The interior of the 
mass is quite uniform in character, containing about 80 per cent feldspar 
and 20 per cent dark minerals; the latter, very conspicuous on the weath- 
ered surface. The feldspar laths average about half an inch in length. 
Near the borders of the mass the dark minerals increase to about 50 
per cent and the rock is commonly much finer in grain, except for thin 
tablets of biotite, as much as two inches in diameter, which are con- 
spicuous in the fine-grained matrix. The large mica plates show no ap- 
parent tectonic control of their orientation. At a few places the coarse- 
grained feldspathic variety persists to the border of the mass. A rude 
banding due to flowage is commonly visible in both the coarse and the 
fine-grained facies. 


Petrography.—Under the microscope the texture shows considerable 
variety. At some places it is an allotriomorphic texture such as is found 
in undeformed rocks of gabbroic composition. In most specimens, how- 
ever, there is considerable evidence for deformation, especially in the 
coarse-grained varieties from near the margin of the mass. The feld- 
spars are commonly twisted, and at many places the borders of the 
larger grains of feldspar and pyroxene are granulated. 

The characteristic minerals in the rock are plagioclase, augite, hypers- 
thene, and biotite. Orthoclase, microperthite, quartz, amphibole, apa- 
tite, and ilmenite are accessory. The most abundant mineral is plagio- 
clase, from calcie andesine to sodic labradorite. It is tabular and com- 
monly shows well-defined albite, Carlsbad, and pericline twinning. In 
some sections the twinning is not so regular and is seen only in portions 
of the laths which have been bent. In the less-deformed gabbros the 
feldspar laths interlock along complex sutures, and many are partly 
enclosed in the pyroxenes. In the deformed rocks the larger individuals 
are surrounded by a number of small angular fragments, resulting from 
granulation. Part of the feldspar contains dusty and hair-like inclu- 
sions, probably pyroxene and ilmenite. Most of the feldspar is quite 
fresh, but a few grains are partly altered to carbonate, epidote, and 
zoisite. 

The pyroxenes are augite and hypersthene, commonly in about equal 
amounts. The augite is pale-green and practically non-pleochroic. In 
some sections, hypersthene shows a well-developed schiller structure, 
small, brownish inclusions being arranged normal to the (110) cleavage. 
Such grains are commonly surrounded by a confused aggregate of horn- 
blende, biotite, and chlorite. Plate 6, A, shows the granulated plagio- 
clase and pyroxene, and Plate 6, B, shows a porphyroblast of biotite, 
including other rock minerals from the border facies. 
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Chemical composition.—The gabbro is very similar to gabbros related 
to the Morin and other anorthosites north and east of Montreal, except 
that, as a rule, it contains a somewhat higher percentage of ferromag- 
nesian minerals. The composition of the fine-grained border facies con- 
taining biotite porphyroblasts is given in Table 2, analysis III. 

A Rosiwal analysis of a thin section from the specimen (Table 2, 
analysis III) yielded the following results in weight per cent: 


Constituent Per cent 
23.5 

(present in nearly equal amounts) 

GRANULITES 


Distribution and general character—Throughout much of the Lauren- 
tian area in Quebec, a series of deep-green rocks are common. In com- 
position, they range from granites (at a few places, charnockites) through 
quartz-mangerites to quartz-diorites and through syenite to diorite. 
Some members appear to be related to the anorthosite series; for ex- 
ample, in the Ste. Agathe-St. Jovite area,?? the anorthosite appears to 
grade outward into a series of green rocks consisting of quartz mangerite 
and quartz diorite. The series has a much wider distribution than the 
anorthosite, and, in many places, a marked preference for the sill-form 
of intrusion. Although dike-like intrusions are found, most of the bodies 
are sills or are of similar habit. 

The members of the series are only locally of a color other than green. 
A porphyritic habit for the feldspars is common, but, in the smaller 
masses, phenocrysts are not so numerous as they are in the larger bodies. 
A shearing which has granulated the feldspar is found in many, particu- 
larly the smaller, occurrences. The phenocrysts, instead of being bounded 
by crystal faces, have been reduced to lenses by granulation. In some 
specimens, ungranulated cores of original feldspar may be detected. In 
a few localities the granulation has been so severe as to develop a 
flaser texture. The term, granulite, is applied to all these rocks of diverse 
composition, because of this granulation of the feldspar. In the Shaw- 
inigan Falls district the rocks of this group do not show such diversity 
in composition as is found in other localities. 

Many sills of the granulite are found in the lower Grenville of the 
Shawinigan district, and some can be separated only with difficulty from 


22F, F. Osborne: Ste. Agathe-St. Jovite map-area, Quebec. Bur. Mines, Ann. Rept. (1935) in 
preparation. 
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the amphibolite. In most of the granulites, however, the content of 
microcline and quartz is greater, and the plagioclase more sodic, than 
in the amphibolites. The falls in the St. Maurice River from which 
the town of Shawinigan Falls derives its name are formed by masses 
of granulite. Examination of the gorge of the river shows that Grenville 
rocks occur above and below the granulite and that the granulite tends 
to be thinner as it passes down on the limbs of the minor fold. For 
these reasons, these bodies are considered phacoliths. 

In the larger masses, such as that south of Shawinigan Falls, the 
granulites contain augen which have resulted from the partial or com- 
plete granulation of phenocrysts of feldspar. Some small parts of the 
mass that have escaped deformation show that the direction and plane 
of elongation of the phenocryst were parallel to the direction established 
during deformation. The effect of deformation has been to reduce the 
dimension of the feldspar normal to the foliation plane and increase it 
greatly in the direction of stretching. The augen are commonly green, 
but along certain bands, particularly in the vicinity of pegmatite string- 
ers, they are red. Both red and green augen appear identical in thin 
section. No dust or other differences can be seen. Where the granu- 
lation has been extreme the feldspars are so drawn out as to give the 
rock the appearance of a lit-par-lit injection gneiss, and it is only in 
the less granulated portions that the true character of the augen can 
be ascertained. Flow lines, marked by elongation of the feldspars in 
these rocks, are more conspicuous than the foliation. The augen are 
ellipsoids with an axial ratio averaging about 3:11:14. The two longer 
axes lie in the plane of the foliation. In addition to the feldspar augen, 
mica flakes lie in the plane of foliation. In longitudinal sections—.c., 
parallel to the rods—the foliation appears more than in sections normal 
to long axes of the rods, for in the latter the mica flakes bend around 
the augen. 

Petrography.—The principal, and most characteristic, mineral in the 
granulites is microcline. Oligoclase and quartz occur in differing 
amounts, but in most sections are subordinate to microcline. Biotite is 
the most abundant of the mafic constituents, although pyroxene and 
hornblende occur in some specimens. Garnet, titanite, and zircon are 
accessory. 

Microcline is abundant both in augen and in the ground mass. At some 
places it is untwinned or almost invisibly twinned, but in granulated 
rocks the twinning is coarse. Plate 6, D, shows the almost invisibly 
twinned core of microcline, with part of the rim of markedly twinned 
microcline that surrounds it. A microperthitic intergrowth of microcline 
and oligoclase is common, the size of the oligoclase patches commonly 
increasing with the coarseness of the grid-structure. 
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Oligoclase in most sections is untwinned. In some sections, especially 
in the absence of perthite, there is antiperthite. There is some myrme- 
kite. 

Some of the granulites contain only a few grains, and others as much 
as 30 per cent, of quartz. Where it is abundant, it forms lenticles in | 
the plane of schistosity. 1 


Biotite, the most abundant mafic constituent, occurs in practically 
all specimens. Some of the plates lie in the plane of the schistosity, _ 
but many occur along the contacts of other minerals, especially around ge 
the feldspar augen. Some plates also lie in minute shear zones in the st 
granulite. 

A pale-green pyroxene occurs in some of the rocks, but in others its 
place is more or less completely taken by hornblende. The hornblende 
is pleochroic in slightly duller shades of green than that found in the 
amphibolites, probably because of a lower content of alkalies. It has 
the optical properties of common hornblende. 

Red garnet—pale pink in thin section—occurs as an important acces- 
sory at some localities, and is particularly common in the vicinity of 
Almaville. 

Plate I, figures 1 and 2, show two hand specimens of granulite. Both 
specimens were polished on the bc face and, thus, are parallel to the 
shortest and longest axes in the feldspar augen. The phenocrysts of 
feldspar are considerably granulated in the specimen shown in figure 1. 
In the specimen shown in figure 2, the feldspars have been so granulated 
that the rock has the appearance of a lit-par-lit injection gneiss. There 
is no doubt as to its real origin, however, for there are all gradations q 3 
from one to the other and to rocks that have practically escaped granu- : 


lation. At places an injection gneiss has been formed in schists a short 
distance from the granulite. The texture so developed differs from that ia 
in the normal granulites, in that metacrysts of feldspar tend to be devel- ig 
oped in one foliation plane and to be joined by thin stringers of pegma- ‘ 
titic material. The distribution of metacrysts is much less uniform 
than that of the phenocrysts in the granulite. 
Chemical composition.—Specimens (Table 2, analysis IV, V, VI) of i : 
the granulite were selected for analysis, to ascertain, if possible, the rea- : 
sons for the differences in color and in mineral composition. One speci- ; 
men shows only green augen; another, red ones. The analyses show a q 
general similarity in composition, but the rock with red feldspar has 2 
.08 per cent MnO; the other, only a trace. Possibly, the MnO in the rock : : 
may account for the pink color of the feldspars. In any case, the pink 
coloration of the feldspars is related to alteration, for, in most places, 
fractures or shear zones, along which solutions have passed, have deter- 


2 
i 


218 _ ~=srF.- F. OSBORNE—PETROLOGY OF THE SHAWINIGAN FALLS DISTRICT 


mined the parts of the rock to be altered. The analysis of specimens 
containing relatively abundant garnets (Table 2, analysis VI) shows 
little reason for the presence of the garnet. This rock is lighter colored 
than the other two, but probably the formation of garnets depended 
more on physical conditions, such as pressure, than on chemical com- 
position. 

PEGMATITE DIKES AND SILLS 

Distribution—Pegmatite dikes and sills, of different ages, are common 
throughout the area and apparently were intruded in the last stages of 
each period of igneous activity. They are most common in the amphib- 
olites, and become progressively less abundant in the younger rocks. 
At many places it is impossible to determine their exact age. Some are 
well foliated; others are foliated only near their borders; and still others 
are massive throughout. 

The oldest pegmatites occur as dikes and sills in the amphibolites (Pl. 
1, fig. 3). Where they cut across the foliation in the enclosing rocks, their 
foliation is not parallel to the sides of the dike, but remains parallel 
to that of the enclosing amphibolites. Thus, it is probable that many 
of these pegmatites were intruded while movement was taking place 
along the schistosity in the amphibolites. Not all the foliated dikes in 
the amphibolites are of the same age, however, for some cut others. In 
addition, there are massive pegmatite dikes which show no deformation, 
and are, presumably, later. 


Petrography.—tThe foliated dikes in the amphibolites consist chiefly 
of feldspar and quartz. At places the quartz and the feldspar are segre- 
gated into parallel layers, the quartz anhedra forming thick leaves or 
plates between the feldspar. At other places the feldspar is only partly 
granulated, leaving large augen, about which the plates of quartz bend. 
Microcline-perthite, weathering pale red, is the most common feldspar, 
but there is a small amount of grayish-white oligoclase. Graphic granite 
is especially common in the granulite west of Almaville. Here, five 
parallel dikes, from 15 to 300 feet wide, occur in a distance of less 
than 1000 feet. They apparently occupy cross (ac) fractures produced 
by the younger deformation. Similar dikes are abundant in the Upper 
Grenville west of the area mapped. Undeformed dikes, probably of the 
same age, occur also in the amphibolites. They consist almost exclusively 
of feldspar and quartz, and most of them weather white, in contrast to 
the commonly reddish earlier pegmatites. Microcline is the predominant 
feldspar in most of them, but oligoclase and perthite are also abundant. 
Graphic structure is common. Biotite is the most abundant mafic 
mineral, but hornblende, vesuvianite, garnet, and tourmaline have been 
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observed. The tourmaline occurs both as large crystals and as an inter- 
growth with quartz. Some of the larger dikes have a fine-grained mar- 
gin, about two inches wide, rich in small red garnets, which is probably 
an assimilation zone. 


CONTACT PHENOMENA DUE TO GRANULITIC AND GRANITIC 
INTRUSIVES 

The rocks of the Upper and the Lower Grenville have the highest 
grade of regional metamorphism. During metamorphism, certain mem- 
bers of the series, limestones especially and amphibolites to a lesser ex- 
tent, have been so permeable to volatile solutions that scapolite, phlo- 
gopite, pyrrhotite, and such minerals are widespread even in areas where 
no igneous rocks are visible. Throughout the area here studied, effects 
of contact and regional metamorphism are similar, but the effects on 
meta-sedimentary rocks in the vicinity of granitic and granulitic intru- 
sions are noteworthy. 

The contact effects of granulites and granites, against similar rocks, ap- 
pear to be essentially the same. Amphibolites, for example, near the edges 
of the sills are intimately injected in lit-par-lit fashion, and the sills 
contain many platy inclusions of amphibolite. The effects on the min- 
erals are slight and generally are confined to the development of biotite 
for a few inches from the contact. Scapolite is present in the amphib- 
olites at some places, but generally its presence cannot be attributed 
definitely to an intrusive body. 

Changes in the mineral assemblages in semi-calcareous rocks of the 
Upper Grenville are much more pronounced than those in the amphibo- 
lites. The best exposures for the study of these effects are in the quarries 
near Almaville. Original calcite is partly or completely replaced by 
silicate minerals, the most common of which are pyroxene, hornblende, 
scapolite, and titanite. The pyroxene is pale- to deep-green in the hand 
specimen. In thin section it is pale-green to colorless and shows little 
or no pleochroism. Extinction angles, Z A c, are from 39 to 43 degrees, 
indicating composition from almost pure diopside to diopside with about 
fifty per cent of the hedenbergite molecule. Some large grains show 
crystal faces, but most grains are short and, especially in lime-rich rocks, 
almost circular in cross-section. An opaque alteration product occurs 
commonly in small amounts, and in some sections the diopside is partly 
or completely altered to antigorite and calcite. The amphiboles are 
tremolite and common hornblende. They do not occur together and are 
invariably less abundant than the pyroxene. Megascopically the trem- 
olite is a darker green than the pyroxene, but under the microscope it 
is colorless or a very pale green and shows practically no pleochroism; 
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2V = 85°; Z A c=18°. The common hornblende is almost black in the 
hand specimen and under the microscope shows the following properties: 


X = pale yellow green 
Pleochroism {4 Y = olive green negative, 2V about 80° 
Z = dark green ZAc=22° 


The scapolite is light gray in hand specimen and has the characteristic 
fibrous appearance on cleavage faces. It is at places partly altered to 
sericite and carbonate. Titanite is abundant and occurs as small, some- 
what-rounded grains. Different mineral associations occur in distinct 
bands parallel to the original banding rather than in irregular streaks 
and patches. Small stringers of paragneiss show that the banding is 
parallel to the bedding. The presence of scapolite, apatite, phlogopite, 
and pyrrhotite suggests a certain amount of pneumatolitic action. 

Limestones, originally low in silica and other impurities, recrystallized 
to form marbles. Diopside, scapolite, phlogopite, apatite, feldspar, ser- 
pentine, pyrrhotite, and titanite are accessory in some of the marbles. 
The foliation is not marked, although, at places, the silicates especially 
diopside, occur in small streaks and lenses. 

In certain bands, impure magnesian limestones are altered to rocks 
consisting almost entirely of green diopside. These are the metamorphic 
pyroxenites of M. E. Wilson.?* They are pale- to dark-green and are 
sugary in appearance, with granules from 0.1 to 0.05 inch in diameter. 
Under the microscope the texture is granoblastic. Small amounts of 
tremolite and a few grains of titanite occur with the pyroxene. At 
most places the original rock differed in composition from bed to bed. 
Green pyroxene-rich layers alternate with layers poor in pyroxene. The 
darker layers have from 40 to 60 per cent diopside, associated with which 
is commonly a small amount of tremolite. Microcline, sodic plagioclase, 
scapolite, titanite, and small amounts of quartz make up the remainder 
of these layers. The pyroxene-rich layers grade into the leucocratic 
layers, by increase in microcline and plagioclase, and decrease in ferro- 
magnesian minerals until the latter become accessory. At some places, 
scapolite is abundant. Petrofabric analysis shows that the scapolite 
axes are in a B girdle; whereas, the quartz axes in the adjacent granulites 
form a double girdle. The double girdle is considered to indicate greater 
deformation than that represented by a single girdle in the same material, 
but the relative sensitivity of quartz and scapolite to deformation has 
not been established. 

Some silicates are segregated into nodular masses, up to two or more 
feet in diameter, about which the foliation in the surrounding rock curves. 


2M. E. Wilson: Arnprior-Quyon and Maniwaki areas, Ontario and Quebec, Geol. Surv. Can., 
Mem. 136 (1924) p. 32-35. 


Lo 
3 
: 


CONTACT PHENOMENA DUE TO GRANULITIC AND GRANITIC INTRUSIVES 221 


Any original calcite remaining in these nodules is coarsely crystalline 
and acts as a cement, binding together large crystals of diopside, scapo- 
lite, mica, and tremolite. If the calcite is later removed, cavities are 
formed, into which extend perfect crystals of these silicates. 

Quartzite containing small amounts of diopside and titanite is also 
found in the contact zone. The quartz occurs as large interlocking 
grains, enclosing anhedra of diopside and titanite. The photomicrograph 
(Pl. 3, D) shows the texture of these rocks, which may be contrasted 
with that found in rocks that have undergone regional metamorphism 
alone (Pl. 3, A, B, C). 

In the quarry south of Almaville a dark purplish-black rock of fine 
grain uccurs in the contact zone of the granulite and extends as far as 
200 feet from the contact. The rock rings under the hammer. It is a 
typical hornfels with little or no foliation, and is decussate. It has 
about 50 per cent biotite, and the rest of the rock is made up of micro- 
cline, sodic plagioclase, quartz, titanite, apatite, garnet, ilmenite, and 
pyrrhotite. Its chemical composition is shown in analysis VI of Table 1, 
but this does not make its origin clear. It is doubtful if a sillimanite 
gneiss could give such a product on contact metamorphism without some 
traces of the original texture being left. Possibly, the rock is derived 
from a lamprophyre dike, but no such dikes were recognized in the area. 
It may be an amphibolite, altered by the transfusion of material into 
it from the magma. The relationships in the contact zone are so com- 
plicated by flowage that neither bedded nor intrusive characters could 
be established. 

The granulites contain many dark schlieren of biotite-rich material 
near their boundaries. The schlieren, however, differ chemically from 
the hornfels, as shown in Table 1, analysis VII, and also in having a 
definite foliation (Pl. 6, C). It is doubtful if the schliere analyzed here 
is a magmatic segregation of biotite crystals, for the biotite became 
stable only after considerable crystallization of the magma, pyroxene 
and hornblende being earlier phases. Possibly, the schliere may be a 
considerably modified inclusion, similar in origin to the hornfels. 


RELATIONSHIP OF REGIONAL AND CONTACT METAMORPHISM 


The inter-relationship of the regional and the contact metamorphism 
presents some interesting problems, though some are rather difficult of 
solution. As already stated, the regional metamorphism of both Upper 
and Lower Grenville rocks has gone to the highest grade. Biotite in the 
more argillaceous and siliceous rocks was unstable and occurs only in 
fractures later than the flowage of the rock, and at places in the rock 
where it was presumably protected from the full effects of shearing 
stress, by minerals of high crystalloblastic rank. In lower grades of 
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regional metamorphism, biotite appears to have definite status as a 
stress mineral, and, therefore, it is reasonable to assume that its almost 
complete absence from the Upper Grenville is due to the considerable 
temperature and/or pressure to which those rocks were exposed in meta- 
morphism. The fact that pyroxene was stable in amphibolites and 
appears to contain alkalies, as indicated by its pleochroism, would mean 
that temperature and pressure were high. For these reasons and from 
the fact that helicitic textures are lacking, it seems probable that the 
effects of shearing stress were not great when the metamorphism reached 
its highest grade, and that temperature and pressure approached the 
conditions obtaining during contact metamorphism. 

Data derived from petrofabric analysis indicate that shearing stresses 
were active during the time that contact metamorphism was taking 
place. In some recrystallized limestone and quartzite, evidence of lat- 
tice orientation is found. The scapolite forming a single girdle was men- 
tioned. The quartz in some quartzites in the contact zone also forms 
a single girdle, but quartz in quartzites farther from the intrusives and 
that in the intrusive rocks give double girdles. The tectonic axes in both 
single and double girdles agree in direction. It is considered that the 
double girdles are the result of greater deformation than the single, which 
are known in places in almost massive granite. If this inference is cor- 
rect, the shearing stresses acted on the rocks in the contact zone, but to 
less extent than on the rocks outside. 


CONCLUSIONS 


The structure and composition of the Grenville rocks and their rela- 
tionship to the red-granite gneisses in the Shawinigan Falls district are 
typical of the Laurentian area between the Morin anorthosite on the 
west and that of the Saguenay on the east, but, in general, the absence 
of many of the igneous series makes the geology near Shawinigan Falls 
less complex than that in most of the region. The lower part of the 
Grenville series is probably derived from a series of volcanic rocks; 
whereas, the upper part, which is apparently conformable with the lower, 
is the result of high-grade metamorphism of sedimentary rocks. The 
metamorphism in the upper part is apparently in agreement with that 
in the lower amphibolitic part and belongs to the sillimanite grade. Bio- 
tite in the upper part of the series was not stable at this high grade of 
metamorphism and occurs mostly in “pressure shadows” of such a min- 
eral as garnet or in fractures, in which it is later than most of the 
deformation of the rock. Throughout much of the area, thin sills of 
granulite and red granite gneisses have undergone the same deformation 
as the rocks of the Grenville series. 
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Two directions of deformation, indicated by belts with tectonic axes 
inclined to one another, are found. A phacolithic body of granulite lies 
in the zone of the younger deformation, and extreme elongation of pheno- 
crysts already aligned by flowage was brought about by granulation. 


University, Montaeat, Canna. 
MANUSCRIPT RECEIVED BY THE Seceerany or THE Soctery, May 19, 1935. 
Acceprep sy 1HE ON Pustications, 1935. 
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Piate 3 
QUARTZITE 


A. QuarrziTE. 
ac section of specimen 121. Nicols crossed, X27. Black line is parallel 
to trace of foliation. 


B. Quarrzire. 
ab section of above specimen. Note the general absence of a linear arrange- 
ment of minerals. Nicols crossed, X27. 


C. GARNETIFEROUS QUARTZITE. 
With lens of injected feldspathic material (F). A lens of garnet above 
the feldspar has quartz recrystallized in its pressure shadow. Trace of 
foliation plane, 8. Nicols crossed, X27. 


D. ConTACT METAMORPHOSED QUARTZITE. 


Showing large anhedra of quartz including pyroxene (P) and sphene. Con- 
trast the texture with that of A, B, and C of this plate. Nicols crossed, X27. 


: 
4 
: 


= 
~ 

3 
a 


PL.3 
Bs 
i 
> 
oe 
<j 
Ne 4 
7 
| 


BULL. GEOL. SOC. AM., VOL. 47 


GNEISS AND QUARTZITE 


EXPLANATION OF PLATES 


Prats 4 
GNEISS AND QUARTZITE 


A. SILLIMANITE GNEISS. 
With a garnet porphyroblast (G) enclosing needles of sillimanite. A large 
crystal of sillimanite (S) on lower right. All the deviation of the needles 
from the direction of the foliation-plane (S) appears to be due to the force 
exerted by the garnet. X27. 


B. SILLIMANITE GNEISS 
Showing biotite (B) in the pressure shadow of a large garnet. The ruled 
line (S) is in the direction of the foliation-plane. Ordinary light, X27. 

C. SILLIMANITE GNEIss. 
Approximate ab section, showing biotite (B) in a (hkO) fracture in garnet 
(G). Quartz (Q). Ordinary light, X27. 

D. Quarrzire. 
ac section, showing garnet (G) elongated in b direction and biotite (B) 
developed in its pressure shadows. Ruled line, trace of foliation. Ordinary 
light, X27. 
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Prats 5 
SERPENTINE, PEGMATITE, GNEISS 


Mesh structure in serpentine (S) derived from diopside in serpentine lime- 
stone. Calcite (C). Nicols crossed, X27. 
B. SHEARED WHITE PEGMATITE. 


ac section. The larger anhedra are cross-sections of quartz rods, which are 
6 to 12 times as long as their cross-sections shown here. Nicols crossed, X27. 


C. TYPICAL RED GNEISS. 


Section normal to foliation, showing quartz bands (Q) lying parallel to 
foliation-plane and separated by quartz-microcline-oligoclase aggregate. 


D. Rep GRANITE GNEISS. 


Specimen 142, showing slicing in quartz inclined to the foliation-plane, which 


is indicated by white line. Nicols crossed, X27. 
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EXPLANATION OF PLATES 


Piate 6 
GABBRO AND GRANULITE 


A. GaBBRo. 


Showing partial granulation of pyroxene crystals. The plane of the deforma- 
tion is shown as a black line. Nicols crossed, X27. 

B. Gapsro. 
Specimen 2 (analysed), showing biotite porphyroblast in random relation- 
ship to the flow-plane (dashed line). Nicols crossed, X27. 

C. GRANULITE. 
Thin section of a biotitic schliere in granulite with quartz (Q) and feld- 
spar (F). Foliation-plane, parallel to that in the amphibolites, shown by 
dark line. 

D. GRANULATION OF A PHENOCRYST OF MICROCLINE IN GRANULITE. 


Showing untwinned core with twinned fragments surrounding it. Shear- 
plane in full dark line. Nicols crossed, X27. 
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CONTENTS 
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Stratigraphy and lithology of the formations. 230 
ILLUSTRATION 
INTRODUCTION 


The field work on which the following report is based was done in 
conjunction with a reconnaissance survey of the Bengal quadrangle,’ 
California, which is now in progress for the California State Division 
of Mines. Because the work on the Paleozoic rocks of the area has 
progressed most rapidly in connection with the Middle Cambrian forma- 
tions, it has been deemed advisable to summarize the results so far ob- 
tained. In a sense, this report is a continuation of a paper by Hazzard 
and Crickmay ? in which the lithology and fauna of the lower portion 
of the Cambrian succession of this region were discussed. ~ 


1The map of this quadrangle, whose limits are meridians 115° and 116° West Longitude, and 
parallels 34° and 35° North Latitude, has not as yet been issued by the U. S. Geological Survey; 
hence, this name is only provisional. 

2J. C. Hazzard: Notes on the Cambrian rocks of the eastern Mohave desert, California, with a 
paleontological report by Colin H. Crickmay, Univ. Calif. Publ., Bull. Dept. Geol. Sci., vol. 23, 
no. 2 (1933). 
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The Providence and the Marble mountains are about seventy miles 
west of the Colorado River, within the northern half of the Bengal quad- 
rangle. The Providence Range lies east of Kelso, California; the Marble 
Mountains are about thirty miles farther south. 

The writers wish to thank C. E. Resser and D. F. Hewett for informa- 
tion pertinent to this report and also to express their appreciation of 
the helpful criticism of J. H. Bradley and Thomas Clements of the 
University of Southern California. 


STRATIGRAPHY AND LITHOLOGY OF THE FORMATIONS 
GENERAL STATEMENT 


Three formations are recognized within the Middle Cambrian series. 
They are, from the top of the Lower Cambrian upward, (1) the Cadiz 
formation (new name), (2) the Bonanza King formation (new name), 
and (3) the Cornfield Springs formation (new name). 


CADIZ FORMATION 


Distribution—The name, Cadiz formation, is proposed for the upper 
portion of the quartzite, shale, and limestone unit described by Hazzard, 
from the Marble and Providence mountains, and assigned to the Middle 
Cambrian. As here defined, the formation is 375+ feet thick in the 
Marble Mountains and 550+ feet thick in the Providence Mountains. 
The lower 100 feet of the unit as originally described are not included 
within the Cadiz formation, as this portion is known to contain Olenellid 
trilobites. The exact contact between the Lower and the Middle Cam- 
brian beds has not been determined. It is placed provisionally at a buff, 
oolitic limestone and limy, glauconitic sandstone horizon, varying in 
thickness from two to ten feet. This bed is about 100 feet above the 
top of a Lower Cambrian algal limestone which is cliff-forming. The 
above-outlined relationship has been discussed as follows: 

The boundary between the Lower and Middle Cambrian cannot be located exactly 
and it should be emphasized that the lithologic unit here described and map 
as Middle Cambrian is in part of Lower Cambrian age. Mapping on the basis of 
lithology, it was found convenient to draw the base of the Middle Cambrian at 
the top of the nodular (algal) limestone member of the Lower Cambrian. In 
actual fact, however, the transitional horizon between Lower and Middle Cambrian 


lies somewhere above, within the shale, quartzite, and limestone unit collectively 
designated on the map as Middle Cambrian. 


The topmost portion of the Cadiz formation consists of 75+ feet of 
thin-bedded, platy-weathering limestones, lenticular and more or less 
nodular, interbedded with mudstone material, which causes the weathered 
surfaces of the limestone plates to be irregularly mottled with light gray, 


* Op. cit., p. 64. 
Ibid. 
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buff, and brown. The content of buff-colored material is variable along 
the strike, but usually it is present in sufficient amount to give the horizon 
a decided yellowish-brown color when seen from a distance. This zone 
stands in marked contrast with the overlying basal beds of the Bonanza 
King formation, which are light- and dark-gray, heavily bedded, par- 
tially dolomitized limestones. 

The section diagrammed in Figure 1, which is selected as the type 
section of the Cadiz formation, was measured in a west-to-east direc- 
tion, up the west front of the high limestone ridge about two miles north 
of the National Old Trails Highway where it crosses the Marble Moun- 
tains about three miles north of Cadiz, California. This section was 
measured about half a mile north of Hazzard’s A~A’ section,® which it 
matches very closely in lithology. The apparent differences in thickness 
of the various horizons are the result of the new section having been much 
more accurately measured. 


Lithology.—The lithology of the Cadiz formation shows more or less 
lateral variation. There are, however, certain continuous horizons which 
can be recognized. As already noted, the tentative base of the Cadiz 
formation in the Marble Mountains has been placed at a thin, buff 
limestone about 100 feet above the top of the Lower Cambrian algal 
limestone. In the Providence Mountains a limestone horizon is present 
about 125 feet above the top of the algal zone which may be correlative 
with the basal limestone of the type section. Both the purplish and 
reddish shales and platy quartzites which occur within the lower third of 
the formation and the topmost buff and gray muddy limestone beds 
are recognizable wherever the Cadiz formation is found. 

In addition to its occurrence in the Marble and the Providence moun- 
tains, the formation has been recognized in the Ship Mountains, 3 miles 
southeast of Cadiz. It has likewise been tentatively identified along 
the west bases of both the Resting Springs and the Nopah mountains, 
east and southeast of Shoshone, Inyo County, California. Fossils cor- 
relative with the Cadiz fauna have been found at these localities. In 
the Ivanpah quadrangle, about 2 miles southwest of Cub Lee Spring, 
on the west side of Mesquite Valley, a lithologic unit, similar in many 
respects to the Cadiz formation in the Providence Mountains, has been 
recognized. 

Fauna and correlation.—Darton * was the first to report Middle Cam- 
brian rocks in the Marble Mountains. The first Middle Cambrian fossil 


5 Op. cit., p. 67-68. 

@N. H. Darton: Discovery of Cambrian rocks in southeastern California, Jour. Geol., vol. 15 (1907) 
p. 470; Guidebook of the western United States, Part C.: The Santa Fe Route, with a side trip 
to the Grand Canyon of the Colorado,.U. S. Geol. Surv., Bull. 618 (1915) p. 149-153. 
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NVIMANVO 


Sandy sone, weathering brown 
Dolomite, dark and light gray 


Dolomite, sandy, and shale, platy 
Dolomite, dark gray to black 
Chert, nodular and lenticular 


Dolomite, light gray 


Dolomite, light and dark gray 


partially dolomitized 


Dolomite, light and dark gray, and 
limestone, 


Dolomite, sandy, reddish, platy 


Shale, sandy, and sandstone, platy 
cross-bedded 


Limestone, nodular, buff and gray 
Shale, greenish, and platy 
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Ficure 1—Columnar section of: the Middle Cambrian 


Sandstone and shale, reddish 


formations of the Providence and Marble Mountatns 
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from the Marble Mountains was described by C. W. Clark,’ who notes 
that O. A. Cavins collected Bathyuriscus howelli lodensis Clark. The 
locality is given as “near the top of the massive shale of the Middle 
Cambrian” in “Bristol Mountain.” * The collection of Cavins and Clark, 
with some additional material, was studied by Resser. He published a 
revised faunal list including Dolichometopus ? lodensis (Clark) and 
D. productus (Hall and Whitfield). From collections made by Hazzard 
in the type section of the Cadiz formation as here defined, Crickmay 
identified Acrocephalites sp. indet., Dolichometopus productus Hall and 
Whitfield, var., D. lodensis (Clark) Resser, and Bathyuriscus belesis 
Walcott. He also reported “Ptychoparia” sp. indet., from another lo- 
cality at a similar horizon.*° 

The topmost portion of the Cadiz formation in the Providence Moun- 
tains has yielded forms which have been identified by Resser, as Alokis- 
tocare sp., Clavaspidella aff. bela (Walcott), and Bathyuriscus ? aff. 
bithus Walcott. From the upper 100 feet of the Cadiz formation in the 
southern end of the Marble Mountains, J. H. Bradley and J. F. Mason 
have recently collected an extensive faunule. The species identified by 
them comprise the greater part of the following list. The fauna of the 
Cadiz formation as now known from collections made in both the Marble 
and the Providence mountains contains: 

Chancelloria eros Walcott **Clavaspidella maximus (Mason) 

Hyolithes sp. *Clavaspidella aff. bela (Walcott) 

Billingsella highlandensis (Walcott) *Clavaspidella ? aff. bithus (Walcott) 


Iphidella pannula (White) Corynexochus ? sp.- 
Westonia ella (Hall and Whitfield) Dorypyge quadriceps (Hall and 


** Acrocephalites ? trifossatus Mason 
*Acrocephalites sp. indet. 
Alokistocare piochensis (Walcott) 
** Alokistocare strangulatus (Mason) 
*Alokistocare sp. 
Anoria lodensis (Clark) 
**Anomocarella ? spatha Mason 
Clavaspidella howelli (Walcott) 


Whitfield) 
Eldoradia linnarssoni (Walcott) 
Glossopleura belesis (Walcott) 
Glossopleura mohavensis Resser 
Glossopleura productus (Hall and 
Whitfield) 
Pagetia clytia ? Walcott 
Zacanthoides typicalis (Walcott) 
*“Ptychoparia” sp. indet. 


* Species reported previously, but not identified in the collections of Bradley and Mason. 
** Species described in a report by J. F. Mason: Fauna of the Cambrian Cadiz formation, Marble 
Mountains, California, South. Calif. Acad. Sci., Bull., vol. 34, pt. 2 (1985) p. 97-119. 


7™C. W. Clark: Lower and Middle Cambrian formations of the Mohave Desert, Univ. Calif. Publ., 
Bull. Dept. Geol. Sci., vol. 13, no. 1 (1921) p. 6. 

8 Ibid. It should be noted that Clark used the term “Bristol Mountain” to refer to the southern 
portion of the range commonly termed the Marble Mountains. 

®C, E. Resser: Cambrian fossils from the Mohave Desert, Smithson. Misc. Coll., vol. 81, no. 2 
(1928) p. 10. 

10 J, C, Hazzard: op. cit., p. 74-75. 
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The nearest published section containing a fauna comparable with that 
of the Cadiz formation is near Pioche, Nevada. From the collections 
reported by Walcott + and Pack *? it is apparent that the Cadiz fauna 
is closely related to that of the Chisholm shale, there being at least eight 
species common to the two. The Chisholm shale is correlated with the 
Spence shale of Utah and Idaho. Until more is known of the Middle 
Cambrian stratigraphy of the Great Basin the Cadiz fauna may be 
regarded as lower Middle Cambrian approximately equivalent to that 
of the Chisholm shale. 

BONANZA KING FORMATION 


Distribution—This formation, named from the Bonanza King mine 
on the east side of the Providence Range, has been recognized in both 
the Providence and the Marble mountains. Of the work already done 
on this formation by the writers, that in the Providence Mountains has 
been the more detailed, and the stratigraphic section and discussion that 
follow are based almost entirely on studies in that area. In the Provi- 
dence Mountains the Bonanza King formation crops out over about one 
quarter of the areal extent of the range. It forms almost the whole 
northern end of the range and crops out continuously along the west 
base of the mountains, east and southeast of Kelso, California, extending 
as far south as Foshay Pass. 

Though the range is complexly faulted, several complete sections of 
the formation are available for study. Two were measured and exam- 
ined in some detail. The northern section was taken about 2 miles south 
of Summit Spring, which is at the northern end of the range, within the 
Ivanpah quadrangle; the other is about 8 miles south of Summit Spring. 

In the Marble Mountains the Bonanza King forms the upper portion 
of the high limestone divide about two miles north of the National Old 
Trails Highway. The contact with the underlying Cadiz formation is 
well exposed about half way up the west slope of the ridge. On the east 
side, the Tertiary volcanics overlap the Bonanza King so that the upper 
few hundred feet of the formation are missing. 

Lithology—In the Providence Range, five lithologic units are recog- 
nizable within the 2000+ feet of strata included in the Bonanza King. 
From the base upward these are as follows: 

1. The lowest member is a unit, 600 to 650 feet thick, of somewhat 
variable lithology. In general it comprises fine- to medium-grained, 
dark smoky-gray dolomite and partially dolomitized limestone, with 


1C. D. Walcott: Cambrian brachiopoda, U. 8. Geol. Surv., Mon. 51, pt. 1 (1912) p. 171, 192, 193, 


localities 7k, 31, and 3lu. ' 
FF. J. Pack: Cambrian fossils from the Pioche Mountains, Nevada, Jour. Geol., vol. 14, no. 4 


(1906) p. 290-302. 
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light-gray, dolomitic beds near the top. On weathered surfaces the 
darker gray beds, as a rule, are irregularly streaked and mottled. Where 
the rock is entirely dolomitic, the mottling takes the form of irregular, 
elongate or rounded, light-colored areas in a darker matrix. In other 
instances, the colors are reversed, with a dark mottling on a light back- 
ground. When an appreciable limestone content is present, the surface 
commonly shows irregular streaks of dark, smoky-gray limestone in a 
slightly lighter gray to brownish-gray dolomite, or light-gray dolomite 
streaks in a limestone matrix. The individual streaks, which are very 
irregular and not continuous for any great distance, range in thickness 
from an eighth of an inch to two inches. In some instances the streaked 
effect is produced by a series of irregular to somewhat lenticular lime- 
stone areas strung along a common horizon. Where dolomite constitutes 
more than 75 per cent of the rock, the limestone remains as small, some- 
what scattered lenses, and short, irregular streaks. In the northern 
portion of the range this lowest member is composed almost entirely of 
dolomite; to the southward the limestone content increases until lime- 
stone and dolomite occur in about equal proportions. 

Chert nodules and somewhat sandy beds occur locally in the upper 
portion of the member. Beds range in thickness from 2 inches to 6 feet, 
with the average probably about 2 feet. In the basal portion, the bed- 
ding is somewhat indistinct, and, as a rule, the lower 100 to 200 feet 
of the member form a distinct cliff, rising above the more gentle slopes 
developed on the Cadiz formation. In this lower part there are thin, 
platy, in part reddish-weathering zones, which locally carry poorly 
preserved trilobite remains. 

About 1144 miles south of Cornfield Springs, which lies about 6 miles 
southeast of Kelso, on the west slope of the range, the topmost 15 feet 
of the member is an intraformational conglomerate, traceable along the 
strike for at least half a mile. The horizon is made up of pebbles, 
cobbles, and small boulders, in part rounded, though in general sub- 
angular, set in a light-gray limestone matrix. They are predominantly 
limestone and dolomite, similar to the horizon just below; associated 
with them are fragments of broken chert nodules and sandy dolomite, 
up to 8 inches across. The basal contact of the conglomerate is some- 
what irregular. Toward the top the conglomeratic nature of the horizon 
is less evident. 

2. Above the conglomerate is a rusty brown-weathering, reddish-brown 
to gray, fine- to medium-grained sandy dolomite, 25 to 30 feet thick. 
Toward the top the rusty color gives way to a medium dark gray, and 
the rock passes somewhat sharply into the dark, smoky-gray dolomite 
of the basal horizon of Member WNo. 3. Beds are two inches to one foot 
thick, with irregular parting. The lower 5 feet of the reddish sandy 
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horizon, where the conglomerate previously described occurs, are dark- 
gray, thinly laminated limestones with interbeds of reddish, dolomitic 
sandstone. Though the amount of reddish-weathering material varies 
along the strike, this member of the Bonanza King is recognizable 
throughout the whole length of the Providence Mountains. 

3. In the northern portion of the Providence Range, the 900+ feet 
of beds lying above the reddish-brown, sandy dolomite comprise light 
to dark smoky-gray, fine- to medium-grained dolomite in layers 6 inches 
to 3 feet in thickness. There occur a few zones, 10 to 25 feet thick, 
of very light-gray to nearly white dolomite. Traced along the strike, 
they grade into the more common, darker-gray rock. Chert nodules and 
lenses are characteristic of the upper third of the unit. A limy shale, 
about 2 feet thick, occurs in the lower third of the member. 

To the southward, the characteristics and thickness of the member 
change, and three somewhat indefinite subdivisions can be recognized. 
One mile south of Cornfield Springs, the unit is about 1,100 feet thick, 
the lower third being made up of dark, smoky-gray dolomite with light- 
gray dolomite layers. At one locality the basal portion of the topmost 
of the light-colored beds shows drying cracks, overlain by a thin, pebbly 
conglomerate. Reddish-brown chert nodules are common. 

The middle portion of the member is a partially dolomitized lime- 
stone, in beds one to six feet thick. Although there are a few horizons 
of light-gray dolomite, most of the rock is limestone with lenses and 
irregular areas of dolomite, similar in some respects to the partially 
dolomitized limestones of Member No. 1. Horizons that show little or 
no alteration to dolomite present a smooth, weathered surface at places; 
zones which show an alternation of thin limestone and dolomite layers 
weather to form a rasp-like surface, the dolomite forming ridges a frac- 
tion of an inch above the general level. 

The upper third of the member comprises interbedded, medium smoky- 
gray and creamy-gray dolomites, in layers from six inches to three feet 
thick. Seen from a distance, the color alternation in this horizon is 
quite distinctive. The darker-gray, dolomitic beds, which locally con- 
tain a few unaltered limestone lenses, predominate over the light-gray 
dolomite. Some of the latter grade horizontally into the more common 
dark rock. The topmost ten to twenty feet, just below the Silver King 
member, is a thinly bedded, medium-gray dolomite which breaks up into 
irregular plates, one to three inches thick. 

4. The Silver King dolomite, which is the most distinctive and easily 
recognizable member of the Bonanza King formation in the Providence 
Mountains, is present throughout the whole length of that range, but is 
missing in the Marble Mountains. The name is derived from the Silver 
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King Mine on the east side of the Providence Range, where the dolomite 
is well exposed. 

The member, 200 to 250 feet thick, consists of very dark, smoky-gray 
to nearly black-weathering dolomite, which on a fresh surface is seen 
to be a medium- to coarse-grained dark-gray rock. Individual beds, 
one to four feet thick, are discernible, though indistinctly, through slight 
color differences on the weathered surface. The unit behaves much as 
a single, massive layer, and on steep slopes forms notable cliffs. In the 
northern end of the Providence Mountains the approximate middle of 
the member is marked by a conspicuous light-gray to creamy-white 
horizon about five feet thick. The base and top of the member stand 
out quite sharply, especially when viewed from a distance. The very 
dark color of the Silver King member is in marked contrast with the 
interbedded light and dark beds below, as well as with the overlying 
light-gray rocks. At the top the dark dolomite passes into the lighter- 
colored rocks through a series of alternating dark and light beds, 2 to 5 
feet thick. The thickness and number of beds in this transitional zone 
vary along the strike. In some places, six to eight alternating dark and 
light beds are present; in others there are only one dark and one light 
bed between the main mass of the Silver King and the light-gray dolomite 
of the member above. For the purpose of measurement, the top of the 
Silver King is taken as the top of the uppermost, dark-colored horizon 
in the transitional zone. 

On the weathered surface, the rock commonly shows a mottling of 
dark- and light-gray, similar in all respects to that already described 
for the pure dolomite rocks of Member No. 1. Locally there occur 
geode-like cavities, up to one inch in diameter, lined with thin, white 
dolomite incrustations. The rock fractures irregularly and in some places 
is veined by medium- to coarse-grained white dolomite stringers. 

5. The topmost member of the Bonanza King is a fine- to medium- 
grained, light-gray dolomite, 200 to 225 feet thick. Parting surfaces 
are somewhat obscure; individual beds range from one to two feet in 
thickness. This member behaves similarly to the Silver King dolomite 
in forming cliffs on steep slopes. In some instances the two members 
form a continuous, steep cliff, broken by a slight bench at their contact. 

Some weathered surfaces of the dolomite show irregular pits, from a 
quarter to half an inch in depth, and of about equal diameter. Locally 
the rock is indistinctly mottled with darker gray. The contact with 
the overlying basal sandstone of the Cornfield Springs formation is 
distinct. 

Fauna and correlation.—The only fossils found by the writers in this 
formation were in the basal hundred feet. Poorly preserved, they indi- 
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cate the presence of species of trilobites also found in the immediately 
underlying Cadiz formation of Middle Cambrian age. This feature, in 
conjunction with the known Middle Cambrian fauna from the overlying 
Cornfield Springs formation, restricts the Bonanza King formation to 
the Middle Cambrian series. 

In connection with the mapping of the Ivanpah quadrangle, Hewett 
examined the northern portion of the Providence Mountains, and corre- 
lated the unit here described as the Bonanza King formation with the 
Goodsprings dolomite,* named by him in the Goodsprings district, 
Nevada.** In that area, four collections were made of fossils from the 
Goodsprings dolomite. Hewett stated that most of the material was 
unsatisfactory for determining the age of the beds, but that several 
“identifications indicate that the Goodsprings dolomite contains beds 
that range in age from Upper Cambrian through Ordovician and Silurian 
and possibly into the Devonian.” ** 

At the present time it seems probable that the Bonanza King formation 
is equivalent to the lower portion of the Goodsprings dolomite. 


CORNFIELD SPRINGS FORMATION 


Distribution—The rocks herein named the Cornfield Springs forma- 
tion crop out continuously along the western front of the Providence 
Mountains, from about 3 miles south of Summit Spring to within 114 
miles of Foshay Pass. They are also present on the east slope of the 
range, northwest of the Bonanza King Mine. The formation is named 
from Cornfield Springs, east of which it is well exposed. The unit is 
50 feet thick, to which an additional 700 feet of beds is tentatively added. 


Lithology—The known Middle Cambrian portion of the formation 
is a distinctive basal member, fifty feet thick, made up of medium- to 
coarse-grained sandy dolomite with interbedded, fine-grained shales. The 
sandy dolomitic beds, which range in thickness from one inch to two feet, 
with the average between one and two feet, make up about a third of 
the unit. This value is not a constant, however, for the relative amounts 
of sandy dolomite and shale vary along the strike. The sandy nature 
of the dolomitic beds is particularly apparent on the weathered surfaces, 
which develop a buff or reddish-brown color. On a freshly broken sur- 
face the rock is a light gray to light brownish gray. In some localities 
the sandy dolomites have a large percentage of comminuted shells of 
trilobites and brachiopods, with a few better-preserved specimens. The 
shales associated with the sandy dolomitic beds are greenish gray, in 


14D, F. Hewett: Written communication to J. C. Hazzard, March 1931. 

%D. F. Hewett: Geology and ore deposits of the Goodsprings quadrangle, Nevada, U. 8. Geol. 
Surv., Prof. Pap. 162 (1931) p. 12-14. 

%D. F. Hewett: op. cit., p. 12, 13. 
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part nodular, and they split into plates from an eighth to half an inch 
in thickness. Toward the base of the horizon the shales are more thinly 
bedded. Just above the base there occurs a shale two to four feet thick, 
which splits into paper-thin layers. This bed is constant in position 
and character throughout the Providence Range. 

The 700+ feet of beds above the sandy dolomite and shale horizon are 
an alternating series of dark smoky-gray, and’ light-gray to light-buff 
dolomites. One mile south of Cornfield Springs this series is composed 
of three light and three dark zones, each from 100 to 150 feet thick, in 
which the individual beds are from one to ten feet in thickness. In 
addition, there is present at the base of the series, about fifty feet of 
fine- to medium-grained, light buff-weathering dolomite, in beds two to 
fifteen feet thick. The 50 to 75 feet of beds below the upper 30 to 50 
feet of the formation are sandy, weathering to a dark, rusty brown, in 
contrast with the gray dolomite. The sand is unevenly distributed 
throughout the zone; in some instances it is present in sufficient volume 
to form lenses and irregular, discontinuous horizons of dolomitic sand- 
stone. 

The upper limit of the Cornfield Springs formation has been drawn, 
provisionally, at the base of a distinctive, somewhat massive, nearly 
black dolomite, 50 to 100 feet thick. On the basis of its lithologic 
similarity and its approximate stratigraphic position in relation to fossil- 
iferous Devonian beds above, this dolomite is correlated with the Iron- 
side dolomite, which is the basal member of the Sultan limestone of 
Devonian age in the Goodsprings quadrangle, Nevada.’* In the Provi- 
dence Mountains, Devonian fossils have been found in the limestones 
about 200 feet above this horizon. The contact relations between the 
uppermost beds, tentatively referred to the Cornfield Springs formation, 
and the lowermost Devonian are not clear. 


Fauna and correlation—The Middle Cambrian age of the Cornfield 
Springs formation is established by collections from the sandy horizon 
at the base. The following identifications have been made: 


Ethmophyllum sp.* Alokistocare n. sp. 
Cystoid plate A new genus of trilobites 
Obolus sp. Agnostus sp. 


Resser examined material from this horizon and stated that the evi- 
dence of the trilobites, here referred to an undescribed genus, is “strongly 
in favor of a Middle Cambrian age. On the other hand one of the pieces 
carries Hthmophyllum which hitherto has been found only in the Lower 
Cambrian of North America. Since the Archaeocyathinae occur in the 


17 Op. cit., p. 14. 
18 Species reported by Resser but not identified in the present collections. 
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Middle Cambrian of Europe and Siberia, there is no reason why they 
cannot also occur in the Middle Cambrian of California.” +* The cystoid 
plate is similar to specimens from the Chisholm shale in the Highland 
Range, Nevada. Though ranging both downward and upward, the genus 
Obolus is most common in the Middle and the Upper Cambrian.*® The 
forms identified as Alokistocare n. sp. are identical with the cotype of 
an unpublished species from the Cadiz formation. The agnostid is re- 
garded by Howell as either Middle cr Upper Cambrian in type.” 

The lack of fossils in the 700 feet of dolomite overlying the basal 
sandy zone casts some doubt on the Middle Cambrian age of the upper 
beds, and they are, therefore, only tentatively included in the formation. 

In the description of the Goodsprings dolomite, Hewett * states that 
there is “locally a layer of dolomitic and sandy shale 50 to 75 feet thick, 
60 to 100 feet below the top of the formation.” This shale yielded De- 
vonian brachiopods. In the opinion of the writers the dolomitic and 
sandy shale described by Hewett is the possible correlative of the upper 
sandy zone of the Cornfield Springs formation. The Ordovician, Silurian, 
and Devonian units reported by Hewett in the Goodsprings dolomite may 
be represented in the upper 700 feet of dolomite tentatively included in 
the Cornfield Springs formation. 

Panceron University, Patnceton, N. J. 


MANUSCRIPT RECEIVED BY THE Secrerary or THE Society, Aucust 29, 1935. 
Reap perors THE Paciric Coast BraNcH oF THE PatgonToLoaicat Society, Aprit 12, 1935. 


38C, E. Resser: Written communication to J. C. Hazzard, December 1933. 

2% C. D. Walcott: Cambrian brachiopoda, U. 8. Geol. Surv., Mon. 51, pt. 1 (1912) p. 100. 
2B. F. Howell: Oral communication to J. F. Mason, October 1935. 

“1D. F. Hewett: op. cit., p. 12, 13. 
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INTRODUCTION 


During the past few years, the writers have been studying the stratig- 
raphy and structural geology of the Tonopah and Hawthorne quad- 
rangles, in western Nevada. An unusually complete section of Triassic 
and Lower Jurassic rocks merits brief preliminary description prior to 
the publication of more complete papers, now in preparation, dealing 
with the stratigraphy and structure of the region. The field work has 
been carried on at various times under the auspices of the United States 
Geological Survey, the Geological Department of Stanford University, 
and the Geological Society of America. The writers gratefully acknowl- 
edge much assistance received from Dr. T. W. Stanton. 

The study has covered an area of about 7,700 square miles, lying in 
parts of Mineral, Esmeralda, and Nye counties, Nevada. Much of the 
area is covered with Tertiary sediments and lavas, and there are large 
bodies of granitic intrusives, satellites of the Sierra Nevada batholith. 
Paleozoic rocks, ranging in age from Cambrian to Permian, crop out in 
the southeastern part of the Hawthorne quadrangle and the southern 
and eastern parts of the Tonopah quadrangle. 

Unmetamorphosed Triassic and Lower Jurassic sediments are confined 
to the central and eastern parts of the Hawthorne quadrangle, particu- 
larly the Candelaria Hills, Excelsior Mountains, Garfield Hills, Gillis 
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Range, Gabbs Valley Range, and Pilot Mountains, and in the north- 
western part of the adjoining Tonopah quadrangle, including the Pilot 
Mountains, Cedar Mountains, Shoshone Range, Paradise Range, and 
Toyabe Range. This area of Triassic rocks is coincident with a belt 
of complex folding and thrusting of Jurassic age. 


STRATIGRAPHY 


The bedded Mesozoic rocks of the Hawthorne and Tonopah quad- 
rangles have a total thickness of about 30,000 feet. They are predom- 
inantly marine clastic sediments, cherts, and limestones, with a consider- 
able proportion of more or less altered pyroclastic rocks and lavas in the 
lower and upper parts of the section. In age these rocks range from 
Early Triassic to Early Jurassic (Lias). 

Recent paleontologic studies by Muller have added much information 
regarding the succession of marine invertebrate faunas in North America 
in Triassic and Early Jurassic time. Particularly significant are new 
assemblages discovered in the Lower Triassic, Upper Triassic, and Lower 
Jurassic. The new Early Triassic fauna appears to be older than any 
of the Early Triassic marine faunas heretofore recorded from North 
America. The new faunal assemblages from the Upper Triassic show 
a striking resemblance to, if not identity with, the Noric fauna from the 
Mediterranean region. Marine beds containing an Upper Triassic (Rhae- 
tic) fauna, including such characteristic forms as Pteria contorta (Port- 
lock) and Choristoceras marshi Hauer, are recognized for the first time 
in western North America. Psiloceras-bearing beds, marking the begin- 
ning of the Jurassic system, were found resting conformably and without 
any noticeable change in lithology upon the marine strata containing the 
Rhaetic assemblage. 

These newly discovered facts demonstrate an uninterrupted intermin- 
gling of Mediterranean and western American marine faunas near the 
end of the Triassic period and at the beginning of the Jurassic period. 
They also compel modification of the generally accepted view that “in 
the time represented by the Pseudomonotis zone the European connection 
was cut off, and intermigration took place through the Bering portal, 
which opened into the Arctic Sea. This fauna came down on both 
sides of the north Pacific, and spread southward even below California, 
probably under the influence of a Boreal current.” Likewise, the con- 
clusions afforded by the new data are quite contrary to the view, ex- 
pressed not long ago by other writers, that “everywhere, from Alaska 
to California, the oldest Jurassic beds lie unconformably upon the up- 


1J. P. Smith: Upper Triassic marine invertebrate faunas of North America, U. 8. Geol. Surv., 
Prof. Pap. 141 (1927) p. 3. 
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turned edges of the Triassic,” or that “nowhere on the (North American) 
continent is there any latest Triassic or earliest Jurassic marine sedi- 
ment.” ® 

The following formations comprise the Mesozoic section in this area: 


Feet 
Erosion surface capped by Tertiary volcanic rocks. 
Intrusion of granitic and subordinate basic rocks 
allied to the Sierra Nevada batholith. 
Lower Jurassic............. Unconformity (apparent conformity locally) 
Sunrise formation 1,200 
Unconformity. 
Middle Triassic............. 12,000+ 
Contact not exposed. 
Lower Triassic............. Candelaria formation ..................... 3,000+ 
Unconformity. 


Permian and older strata. 


The Permian rests unconformably on the Ordovician. Devonian lime- 
stone and Mississippian (?) shale occupy a small area in the San Antonio 
Range, north of Tonopah. 


TRIASSIC SYSTEM 
CANDELARIA FORMATION 


The Candelaria formation, the lowermost Mesozoic unit in the area, 
derives its name from the Candelaria mining camp, which is situated 
in the low hills south of the Excelsior Mountains, about 16 miles south 
of Mina. The name was first used in 1921 by J. A. Burgess in an 
unpublished report on the Candelaria mining district. The type locality 
of this formation is about 2 miles southeast of the camp. 

The Candelaria formation is more than 3,000 feet thick and consists 
essentially of shales, sandy shales, and sandstones, some of which have 
a tuffaceous aspect, and scattered thin layers and lenticular bodies of 
limestone. Marine invertebrates are found only in a belt about 150 to 
225 feet above the base of the formation. 

The Candelaria rests with marked erosional unconformity on the thin 
Permian sandstones and grits (equivalent to the Phosphoria formation, 
according to G. H. Girty) and, where these have been eroded, on the 
folded and beveled Ordovician strata. 

The lower assemblage of marine invertebrates from the Candelaria 
formation, besides several fragments of indeterminate ammonites, con- 


2 Ibid. 
8C. H. Crickmay: Jurassic history of North America, Am. Philos. Soc., Pr., vol. 70, no. 1 
(1981) p. 18. 
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sists of a large number of specimens of the genus Pseudomonotis (Cla- 
raia), among which are recognized Pseudomonotis (Claraia) clarat Emm- 
rich, P. (C.) aurita Hauer, and P. (C.) cf. P. (C.) stachei Bittner. 

The importance of this group of pelecypods, recognized in this con- 
tinent for the first time, is readily seen when it is realized that in other 
parts of the world they are restricted to the lower part of the Lower 
Triassic. 

The occurrence of these three mollusks in the Lower Triassic of 
North America makes them world-wide in distribution, and with their 
restricted stratigraphic range they become very valuable for correlation. 
Thus, it follows that the lower Candelaria fauna may be regarded with 
reasonable certainty as the time equivalent of the assemblage from the 
lower part of the Seis member of the Werfen beds of Tyrol. It is, as well, 
probably an equivalent, in part, of faunas from beds of late Otoceratan 
age in Greenland and India. 

The following fossils were obtained from the Candelaria formation, 
about 50 feet above the Psewdomonotis-bearing beds: 

Hedenstroemia (Clypites) cf. H.evolvens M. cf. M. tenuistriatum Krafft 

Waagen Proptychites cf. P. ammonoides Waagen 
Meekoceras gracilitatis White P. cf. P. trilobatus Waagen 
M. cf. M. lilangense Krafft 


Most of these species appear to be new to this continent. Meekoceras 
lilangense and M. tenuistriatum heretofore have been found only in the 
so-called “Meekoceras beds” of the Himalayas, whereas Proptychites 
ammonoides, P. trilobatus, and Hedenstroemia (Clypites) evolvens were 
recorded only from the Ceratite marl of the Salt Range of India. It is 
therefore safe to correlate the ammonite-bearing beds of the Candelaria 
formation with a part of the Ceratite marl, on one hand, and with a part 
of the “Meekoceras beds” of the Himalayas, on the other. 

In Spath’s classification * of the Triassic, this new fossil assemblage 
from Nevada may be assigned to Gyronitan “age”; according to J. P. 
Smith’s terminology, it belongs to the Genodiscus zone. 


EXCELSIOR FORMATION 


The Excelsior formation derives its name from the Excelsior Moun- 
tains, where it is well exposed in the Gold Range mining district, about 
6 miles southwest of Mina. It is the most widespread of the Mesozoic 
formations and is present in all the ranges of the two quadrangles except 
in the extreme south and east. As no complete section was obtained and 
faulting is widespread, the actual thickness is undetermined, but, unless 


*L. F. Spath: Catalogue of the fossil cephalopoda, pt. 4, The Ammonoidea of the Trias (1934) p. 27. 
5J. P. Smith: Lower Triassic ammonoids of North America, U. S. Geol. Surv., Prof. Pap. 167 
(1932) pl. facing p. 14. 
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the formation is repeated by undiscovered faults, more than 12,000 feet is 
present in the southern part of the Pilot Mountains, and there are compa- 
rable amounts in other ranges. 

The Excelsior formation probably overlies the Candelaria formation, 
but the two were not found in contact. It is overlain unconformably 
by the Luning formation. The Excelsior consists dominantly of effu- 
sive and pyroclastic rocks, with subordinate sediments. The lavas 
range in composition from andesite through quartz latite to rhyolite. 
Alteration, principally epidotization and chloritization, has affected 
the formation over wide areas. Keratophyres were identified only in 
specimens collected from mining districts, and it seems probable that 
albite, where present, is the result of later hydrothermal alteration. Cer- 
tain intrusive rocks that cut the lavas and tuffs of the Excelsior forma- 
tion are probably in large part contemporaneous with the lavas. These 
include much altered basic rocks of gabbroic and diabasic types and 
siliceous porphyritic intrusives similar in character to the rhyolitic flows. 

Voleanic breccias, especially those containing altered andesite frag- 
ments, are abundant and in some sections exceed the effusive rocks in 
amount. In the Pilot and Excelsior ranges a considerable thickness, esti- 
mated to exceed 8,000 feet, consists of massively bedded chert. Examina- 
tion under the microscope shows this rock to be an extremely fine- 
grained water-laid tuff, cemented and largely replaced by cryptocrystal- 
line quartz. Interbedded with the chert are dark tuffaceous slate and a 
little impure sandstone, with some lava and breccia. The chert is also 
present in other ranges but is subordinate in amount to the lava and 
breccia. 

In places, lenticular beds of limestone occur in the Excelsior forma- 
tion. These are sparingly fossiliferous, and at only one locality, near 
Wildhorse (Gillis) Canyon, in the Gillis Range, were identifiable fossils 
obtained. The following species were identified from this locality: 


Spiriferina cf. S. fragilis (Schlotheim) Hoernesia aff. H. socialis (Schlotheim) 
Spiriferina stracheyi Salter var. funicularis Schmidt. 
Lima (Plagiostoma) striata (Schlotheim) Gervilleia, three species 
Pleuromya mactroides (Schlotheim) of 
Goldfuss 


This assemblage is of considerable biostratigraphic importance, for, 
besides establishing the Middle Triassic age of the Excelsior formation, 
it also proves the presence in western North America of a typical German 
Muschelkalk fauna. 

LUNING FORMATION 

The Luning formation, of Upper Triassic age, derives its name from 

the little settlement of Luning, in Soda Springs Valley. The best expo- 
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sures of the formation are in the mountains bordering this valley—the 
Garfield Hills, on the west, and the Gabbs Valley Range and Pilot Moun- 
tains, on the east. The Luning formation is present also in the Gillis 
Range, in the north-central part of the Hawthorne quadrangle, and in 
the Cedar Mountains, Paradise Range, Shoshone Range, and the south- 
west end of the Toyabe Range, in the Tonopah quadrangle. The total 
thickness is estimated at more than 10,000 feet, though in most localities 
less is present. The area on the north slope of the Pilot Mountains, 
about 12 miles southeast of Luning, is selected as the type locality of 
this formation. 

The Luning formation rests unconformably on the Excelsior formation, 
but the contact, though indicating a considerable erosion interval, does 
not show marked angular unconformity. The lithology is varied. Lime- 
stone and dolomite predominate, but where the formation is in contact 
with, or close to, the underlying Excelsior, as in the Pilot Mountains, there 
are one or more members consisting of siliceous argillite with conglomer- 
ate whose pebbles consist almost exclusively of chert. Elsewhere, as in 
the Gabbs Valley Range, the formation consists dominantly of dark 
limestone and dolomite with subordinate argillite and shale. An inter- 
bedded lava flow was found in the Garfield Hills, southeast of Pamlico. 
The limestone and particularly the calcareous shale forming the grada- 
tional zones between the limestone and the argillite members are in most 
places abundantly fossiliferous; the dolomite and argillite are generally 
barren. 

Paleontologic evidence, together with the field relations between the 
Luning and the underlying Excelsior and overlying Gabbs formation, 
indicate that the Luning formation should be correlated with the Karnic 
stage of the standard Triassic section of Europe. In Cedar Mountain 
and the Shoshone Range, however, there is apparently no change in 
lithology near the upper limit of beds that are correlative with the Karnic 
stage, and it is therefore possible that in these localities deposits of 
Noric, and even of Rhaetic, time are included in the Luning formation. 

The most diagnostic material for the correlation of the Luning forma- 
tion consists of marine invertebrates of at least three distinct faunal 
facies—an offshore ammonite facies, a near-shore pelecypod facies, and 
a coral-reef facies. 

In the lowermost ammonite assemblage the common species are Juva- 
vites (Anatomites) béhmi Gemmellaro, J. (A.) formosus Gemmellaro, 
J. (A.) elegans Gemmellaro, and Klamathites cf. K. kellyi Smith. Asso- 
ciated with these cephalopods are the pelecypods Myophoria cf. M. decus- 
sata Miinster, “Cardium” arcaeformis Gabb, and Nucula sp. This fauna 
is distinctive of the Karnic stage of the European Upper Triassic. It 
also shows some resemblance to the fauna of Karnic age from Cali- 
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fornia, as is indicated by the presence of Klamathites cf. K. kellyi and 
Juvavites (Anatomites) béhmi. The latter is almost conspecific with 
Juvavites (Anatomites) subinterruptus Hyatt and Smith, of California. 

In the ammonite assemblage found about 250 feet higher in the section 
the following species were recognized: Tropites cf. T. subbullatus Mojsi- 
sovics, 7’. cf. T. welleri Smith, T. cf. 7’. ursensis Smith, Hoplotropites cf. 
H. ornatissima (Gemmellaro), Juvavites (Anatomites) inflatus Gem- 
mellaro, and Arcestes sp. From this list it is clear that the assemblage 
is closely related to the fauna from the Juvavites subzone of the Tropites 
subbullatus zone of California, which, in turn, is correlated with the 
upper Karnic of the Triassic section in the Alps and elsewhere. 

The uppermost ammonite fauna, occurring about 350 feet above the 
Tropites-bearing beds, comprised the following species: Giimbelites phi- 
lostrati Diener, G. jandianus Mojsisovics, Griesbachites (several spe- 
cies), Styrites vermetus (Dittmar), S. signatus (Dittmar), S. heberti 
Mojsisovics, S. cf. S. malayicus Welter, Palicites mojsisovicst Gem- 
mellaro, Mojsisovicsites crassecostatus Gemmellaro, M. obsoletus Gem- 
mellaro, M. tenuicostatus Gemmellaro, and Arcestes sp. This fauna, 
besides being new to North America, is of more than usual interest be- 
cause, though occurring in a thickness of only a few feet (the bulk of 
the material was obtained from a bed 2 feet thick), it contains elements 
which in other parts of the world are known to occur in the Karnic, in 
the so-called “Karnisch-Norisch Mischfauna” of Diener, and in the 
Noric. This peculiar association of “heterochronous” elements in the 
Nevada assemblage presents a rather puzzling problem, the ultimate 
solution of which involves a re-study ofthe stratigraphic relations and 
ranges of the genera and species enumerated and a more critical study 
of their morphologic characters. Pending further investigation of this 
interesting assemblage, its age cannot be established with any degree 
of accuracy, but, because of its affinities with the “Karnisch-Norisch 
Mischfauna” of Diener, it is tentatively assigned to the Karnic-Noric 
transition. 

In the pelecypod assemblages the most distinctive and easily recog- 
nizable species are Cardita beneckei Bittner, Myophoria keferstetnit Miin- 
ster, M. whateleyae (Buch), and Alectryonia montis-caprilis (Klipstein). 
Cardita beneckei and the two species of Myophoria are in the Alpine 
Triassic restricted to the middle Karnic, whereas Alectryonia montis- 
caprilis is usually found in the upper, but not the uppermost, Kainic. 
These bivalves are therefore sufficiently diagnostic to date the rocks as 
corresponding to the middle division, and possibly, in part, the upper 
division, of the Karnic stage of the standard European section. 

The coral reefs that are particularly well developed at a number of 
places in Pilot Mountains have yielded a large number of species of 
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corals and other invertebrates. Of the corals the following species have 
been recognized in the fauna: 


Montlivaultia norica Frech L. bronni Volz 

M. marmorea Frech Confusastrea borealis Smith 
Thecosmilia cf. T. fenestrata Reuss Thamnastraea rectilamellosa Winkler 
T. delicatula (Frech) T. norica Frech 

Isastraea parva Smith T. borealis Smith 

I. profunda Reuss Stephanocoenia juvavica Frech 


I. vancouverensis Clapp and Shimer Stromatomorpha californica Smith 
Latimaeandra norica (Frech) 


Among the brachiopods found in association with the corals are Spiri- 
ferina gregaria Suess, S. peneckei Bittner, Terebratula debilis Bittner, 
T. julica Bittner, and 7. suborbicularis Minster var. typica Bittner. 
These brachiopods, without a single exception, are known to occur in 
Europe only in strata of middle and early Karnic age. Fragments of 
ammonites, found in the strata immediately overlying the coral reefs 
and identified as belonging to the genera Carnites and Klamathites, 
further substantiate the Karnic age of the coral reefs. This is rather 
significant, because in the past a rather meager fauna of corals from the 
Pilot Mountains was regarded as a part of the so-called interregional 
coral zone of early Noric age. More complete stratigraphic and paleon- 
tologic evidence in support of the Karnic age of the corals has been 
recently submitted for publication.*® 


GABBS FORMATION 


The name of the Gabbs formation is derived from the Gabbs Valley 
Range, where, in the New York Canyon area, the formation is best 
exposed. The formation at this locality is 420 feet thick and consists 
of purple to black shale and dark-brown to black limestone. The con- 
tacts with the underlying Luning formation and overlying Sunrise forma- 
tion are conformable. 

The Gabbs formation has been recognized only in the Gabbs Valley 
Range in the neighborhood of New York Canyon, in the Garfield Hills 
east and south of Pamlico, and in the Paradise Range. The richly 
fossiliferous section in New York Canyon has been selected as the type 
locality. 

The lower boundary of the Gabbs formation is defined by a marked 
lithologic change from massive dolomite and limestone to thin-bedded 
shale with a minor proportion of limestone. The shales and limestones 
of the Gabbs formation are dark-gray to jet-black in fresh exposure but 
weather to a peculiar grayish-purple color that contrasts with that of 
the adjacent stratigraphic units. There is, however, no lithologic change 
between the uppermost Triassic Gabbs formation and the lower part 


*S. W. Muller: Triassic coral reefs in Nevada, Am. Jour. Sci. (in press). 
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of the lowermost Jurassic Sunrise formation; the boundary between the 
two systems was therefore arbitrarily drawn in the 30 feet of nonfossilif- 
erous shale which lies between the uppermost occurrence of the Upper 
Triassic fossils and the lowermost Lower Jurassic. 

Three faunal assemblages are recognized in the Gabbs formation— 
one at the base of the formation, one in the middle, and one near the 
top. The fauna from the lower part of the formation is characterized 
by the ammonite species Sagenites giebeli (Hauer), S. princeps Mojsiso- 
vics, Rhabdoceras suessi Hauer, and Cochloceras fischeri Hauer. These 
species, recognized in North America for the first time, are diagnostic 
of the lower Noric of the European Upper Triassic. 

The fauna from the middle of the Gabbs formation is likewise new 
to North America and is characterized by the following species: 


Pinacoceras metternichi Hauer Placites symmetricus Mojsisovics 
Arcestes gigantogaleatus Mojsisovics Celtites arduinit Mojsisovics 
“Arcestes nevadanus” Hyatt and Smith Rhacophyllites debilis (Hauer) 

(= A. intuslabiatus Mojsisovics) Proclydonautilus spirolobus (Dittmar) 
Cladiscites tornatus Bronn Gonionautilus securis (Dittmar) 


Paracladiscites multilobatus (Bronn) 


In Europe this fauna indicates the Pinacoceras metternichi zone in 
the Sevatic substage of the upper Noric stage. 

The fossils from horizons near the top of the Gabbs formation, al- 
though not as abundant nor as well preserved as those from the lower 
horizons, are, nevertheless, sufficiently distinctive to permit correlation 
with the Pteria contorta (“Avicula” contorta) zone of the marine Rhaetic 
of Europe. In this collection from Nevada the species associated with 
Pteria contorta are Choristoceras marshi Hauer, C. cf. C. ammoniti- 
forme Giimbel, Arcestes sp., and Nucula sp. It is noteworthy that the 
marine Rhaetic fauna has not been previously recognized in North 
America, 

LOWER JURASSIC SERIES 


SUNRISE FORMATION 


The Sunrise formation derives its name from Sunrise Flat, in the 
Gabbs Valley Range. The rocks included in this formation are shales, 
limestones, and sandstones. It begins with a gradational contact above 
the Gabbs formation and is separated by a more or less strongly marked 
unconformity from the conglomerate of the next younger Dunlap forma- 
tion. The total thickness of the formation is about 1,200 feet. 

The selected type section of the formation is in the upper part of 
New York Canyon, west of Sunrise Flat. Here the rocks are well ex- 
posed and, at least locally, are comparatively little disturbed. The 
paleontologic material collected from the type locality is also remarkably 
complete. 
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Incomplete sections of the Sunrise formation were found in the Gar- 
field Hills, southeast and south of Pamlico, and in the northwestern part 
of the Pilot Mountains, in the Hawthorne quadrangle; it is probably 
present in the Paradise Range, in the Tonopah quadrangle. 

The fossils obtained from the Sunrise formation permit correlation 
with the Hettangian and the Sinemurian substages and possibly with 
the lower part of the Charmouthian substage of the Lias of Europe. The 
lowermost faunal assemblage includes several species of the genus Psilo- 
ceas, a number of species of Caloceras and Pecten valoniensis Defrance, 
none of which has been heretofore recognized in North America. These 
species indicate correlation with the base of the Hettangian substage of 
the Lias, the lowest division of the Jurassic in Europe. Considerable 
importance is attached to this fauna from the Sunrise formation, as it 
fills a long-existing gap in the marine early Jurassic record of North 
America. 

The stratigraphically higher assemblage obtained from an oolitic mem- 
ber, about 15 feet thick, contains, among other forms: 


Coroniceras cf. C. bucklandi (Sowerby)  Pecten acutiplicatus Meek 
Megarietites meridionalis (Reynes) Stylophyllopsis sp. 
Vermiceras rotator (Sowerby) Pholadomya nevadana Gabb 
Tmaegoceras (several species) 


According to the occurrence of similar and identical species in Europe 
and elsewhere, this part of the Sunrise formation is correlative with the 
base of the Sinemurian substage of the European. Lias, corresponding to 
the Coroniceratan and in part Vermiceratan “ages” of Buckman. The 
third faunal assemblage, collected at horizons near the top of the Sunrise 
formation, contains: 


Deroceras armatum (Sowerby) Pholadomya nevadana Gabb 
D. cf. D. densinodum (Quenstedt) Ph. multilineata Gabb 


This fauna is most nearly related to that from the lower part of the 
Charmouthian substage of Europe, corresponding to the Deroceratan 
“age” of Buckman, Spath, and others. 

DUNLAP FORMATION 


The Dunlap formation derives its name from Dunlap Canyon, in the 
Pilot Mountains, in the upper part of which a considerable thickness of 
the lower part of the formation is exposed. The formation has a maxi- 
mum observed thickness exceeding 5,000 feet and is of widespread dis- 
tribution. It is present in Excelsior Mountain, the Garfield Hills, the 
Gabbs Valley Range, and the Pilot Mountains, in the Hawthorne quad- 
rangle; and in Cedar Mountain, the Shoshone Range, the Paradise Range, 
and the south end of the Toyabe Range, in the Tonopah quadrangle. 
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Except in New York Canyon, where it locally rests on the Sunrise forma- 
tion with apparent conformity, there is a marked angular unconformity 
with all the older formations of the section, especially well marked in the 
Pilot Mountains at the heads of Dunlap and Cinnabar canyons, where 
the Dunlap formation rests on upturned cherts of the Excelsior forma- 
tion, with an angular discordance of about 90 degrees. At the southeast 
end of Sunrise Flat and in the Garfield Hills, conglomerates of the Dunlap 
formation truncate folds in Luning limestones. 

Commonly, the lower part of the Dunlap is conglomeratic, and a char- 
acteristic feature is the presence of enormous fan cones of unsorted angu- 
lar material derived from the formation against which it rests. In places 
these fanglomerates contain lenses of limestone, shale, sandstone, and 
bedded conglomerate, implying that the fan-cone deposition took place 
close to sea level and gave place at times to deltaic conditions. Where 
the fanglomerates of the Dunlap formation were deposited in a basin bor- 
dered on one side by the Excelsior formation and on the other by the 
limestones of the Luning formation, as in the Pilot Mountains and Gar- 
field Hills, it is noticeable that most of the material is derived from the 
limestones and that only immediately adjacent to the contact do the con- 
glomerates consist solely of pebbles of the more resistant cherts and vol- 
canic rocks of the Excelsior formation. The upper part of the formation 
consists dominantly of red to brown sandstone, containing much volcanic 
material and probably including a considerable proportion of water-laid 
tuffs, conglomerates, principally with limestone pebbles and varying 
amounts of volcanic rocks. In the Gabbs Valley Range and the central 
part of the Excelsior Mountains, volcanic rocks predominate in the upper 
part of the section; elsewhere, though nearly everywhere present, they 
are subordinate. They include andesite, quartz latite and rhyolite 
flows, and breccias, and are generally much altered. They are not dis- 
tinguishable petrographically from the lavas of the Excelsior formation. 

The Dunlap formation is nearly barren of fossils, and such as were 
collected are poorly preserved. The paleontologic evidence obtainable, 
together with the fact that in the New York Canyon section there is no 
angular discordance with the underlying Sunrise formation, suggest that 
the Dunlap is to be correlated with the Charmouthian stage of Lias of 
Europe. Nothing definite can be said as to the time represented by the 
whole formation, except that the great fan cones of limestone frag- 
ments, the abundant conglomerates, and the volcanic rocks suggest rela- 
tively rapid accumulation during a period of marked crustal instability. 
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INTRODUCTION 


The Sylvania is a white, quartz sandstone near the Silurian-Devonian 
systemic boundary in the region around the west end of Lake Erie. 
The lower Paleozoic rocks of this region are almost entirely limestones 
and shales, and, therefore, this sandstone unit early attracted attention. 
It was first differentiated in 1869 by Newberry,’ who called it the Oris- 
kany, from the sandstone at the same general horizon in New York (see 
Table 1, col.1). Newberry stated that it had been “identified in a number 
of localities, principally in the northwestern quarter of the State,” and 
on a “Preliminary Geological Map of Ohio” he included a narrow band 
of Oriskany sandstone everywhere at the base of the Corniferous (Colum- 


bus) limestone. 
In a later report, Newberry * again correlated this sandstone with the 


1J. 8. Newberry: Report on the progress of the geological survey of Ohio in 1869, Ohio Geol. Surv., 
Rept. Prog., 1869 (1871) p. 17, and map at front. 

2J. 8. Newberry: The general geological relations and structure of Ohio, Ohio Geol. Surv., vol. 1, 
pt. 1 (1873) p. 140-141. 
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Oriskany, and listed outcrops at several localities, among which is Syl- 
vania Township in Lucas County. Newberry’s Oriskany included two 
separate units as now known: (1) the sandstone of Lucas County, now 
called the Sylvania, and (2) a thin conglomerate or arenaceous limestone 
layer at the base of the Corniferous (Columbus) limestone, which was 
at that time erroneously interpreted as being at the same horizon as the . 


Taste 1.—Correlation of the names used by various authors for divisions of the 
rocks now known as Monroe 


Newberry Orton Prosser Prosser, Sherzer 
1871 1888 1903 —_ Grabau, 1907 
CORNIFEROUS CORNIFEROUS COLUMBUS COLUMBUS LIMESTONE 


LUCAS DOLOMITE 

AMHERSTBURG DO 

LUCAS DETROIT RIVER —e 

(Upper Monroe) | ANDERDON LIMESTONE 
FLAT ROCK DOLOMITE 


2 
ORISKANY SYLVANIA SYLVANIA & SYLVANIA SANDSTONE 
(Middle Monroe) 


_£ RAISIN RIVER DOLOMITE 
WATERLIME 4 
SALINA TYMOCHTEE | BASS D 
(Lower Monroe) |] TYMOCHTEE SHALY DOLOMITE 
GREENFIELD DOLOMITE 
NIAGARA NIAGARA NIAGARA NIAGARA 


sandstone of Lucas County. This sandy bed led to the placing of a 
narrow belt of Oriskany sandstone on the geological maps of ten counties 
in the early reports of the Geological Survey of Ohio.* 

In 1888, Edward Orton showed‘ that a thickness of more than 100 
_ feet of strata in Lucas County, overlying the so-called Oriskany sand- 
stone and included by Newberry and Gilbert in the Corniferous, was 
“unmistakable Waterlime,” and therefore that the sandstone belonged 
well down in the Waterlime of Upper Silurian age (see Table 1, col. 2). 
To this definite sandstone unit of Lucas County, Orton gave the name 
Sylvania. He did not include the thin conglomerate or sandy bed at 
the base of the true Corniferous limestone, but the name Sylvania did 
remove the one definite sandstone unit from the so-called Oriskany, and 
this latter term ceased to be used as a rock division of Ohio. 

In 1903, Prosser divided the Monroe into three members (see Table 1, 
col. 3), the middle one of which is the Sylvania sandstone,’ and in the 


*N. H. Winchell and J. 8. Newberry: Ohio Geol. Surv., rept. 1 (18783) maps opp. p. 593, 611, 625, 
640; rept. 2 (1874) maps opp. p. 183, 227, 272, 336, 368, 387, 416. 

“Edward Orton: The geology of Ohio considered in its relations to petroleum and natural gas, 
Ohio Geol. Surv., vol. 6 (1888) p. 18-20. 

5C. 8. Prosser: The nomenclature of the Ohio geological formations, Jour. Geol., vol. 11 (1903) 
p. 540-541. 
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more complete classification proposed in 1907 the Sylvania was retained 
as the middle unit of a threefold subdivision of the Monroe.* This classi- 
fication, shown in column 4 of Table 1, is still in general use around the 
west end of Lake Erie. 


DISTRIBUTION OF OUTCROPS 


The Sylvania sandstone is known only on the ‘northwest side of the 
Cincinnati anticline in Ohio, and all the exposures known in the State 
are in Lucas County and on the south bank of the Maumee River in 


LENAWEE cat 


Ficure 1—Outline map of Ohio Ficure 2—Map of Lucas County and 
Showing the location of Lucas and part of Wood County 
Highland counties. Showing the distribution of the Sylvania sand- 


stone and the location of the several exposures. 


Wood County. Exposures are known at only four localities, but these 
are so spaced that the location of the band of outcrop can be quite defi- 
nitely fixed (Figs. 1, 2). The exposures are chiefly in quarries which 
have been opened on low rock ridges which mark the north-south course 
of a westward-dipping monocline. In the northern half of Lucas County, 
the width of outcrop is about 200 yards, but farther south the dip of 
the strata decreases and the width of outcrop increases to about 500 
yards. There are no data indicating the presence of the Sylvania sand- 
stone anywhere to the southwest of the crossing of the Maumee River 
along the line of outcrop of its horizon in Ohio or Indiana. The Sylvania 
sandstone continues northward into southeastern Michigan, where it has 
its greatest development. 


*A. C. Lane, C. 8. Prosser, W. H. Sherzer, and A. W. Grabau: Nomenclature and subdivisions 
of the upper Siluric strata of Michigan, Ohio, and western New York, Geol. Soc. Am., Bull., vol. 19 
(1907) p. 553-556. 


4 
LUCA 4 = KSy j 
copooged ef 3 
Hottand. : 
visgumee 
Colum 
Morfclova 
| Whitehouse ~~ : 
HIGHLAN yn? ‘alls of Maumee 
Ma 
< 012 5 10 miles 


256 J. E. CARMAN—SYLVANIA SANDSTONE OF NORTHWESTERN OHIO 


CHARACTERISTICS 


The Sylvania is a friable sandstone, loosely banded by dolomitic 
cement, and possessing several very definite characteristics. 

(1) It is very pure quartz sandstone. An examination of hundreds 
of grains of the sand on the stage of the petrographic microscope revealed 
only a few grains of other minerals.’ 

(2) The sand grains are well rounded; much better rounded than 
present day beach sands or even dune sands. The maximum to minimum 
dimensions are about as 4 to 2 millimeters. 

(3) The surfaces of the grains are frosted or pitted, a characteristic 
found today in desert sands and also somewhat developed in beach sands 
which have been transported great distances. 

(4) Many of the grains exhibit secondary enlargement. The added 
material is in crystallographic orientation with the material of the grain 
and has crystal faces with vitreous luster. The pyramid faces are most 
commonly observed, and double-terminated crystals are not uncommon. 
The long axis of the new crystal is commonly the greater dimension of 
the original grain. 

(5) The grains are very uniform in size. The histograms (Fig. 3) give 
the results of mechanical analyses of several samples of Sylvania sand- 
stone, made by Daniel A. Busch. The percentages are based on weight. 
A notable feature of the histograms is that 65 to 75 per cent of each 
sample is in one grade-size, showing great uniformity of size of grain. 
Numbers 5, 6, and 7, show samples from northwestern Ohio and number 8 
is the average of these three. There are no grains as much as one milli- 
meter in diameter, and the percentage falling between one millimeter and 
half a millimeter is negligible. About 21 per cent of the sample is 
medium-grained sand, half to a quarter millimeter; about 69 per cent is 
fine-grained sand, a quarter to an eighth millimeter; about 10 per cent 
is very fine-grained sand, an eighth to a sixteenth millimeter; and about 
one per cent passed through the one-sixteenth-millimeter mesh. The 
Sylvania is, therefore, in northwestern Ohio, a fine-grained sandstone, 
and the fact that the amount falling into the grade next above the maxi- 
mum is larger than in the grade next below the maximum indicates that 
the mean is nearer a quarter millimeter than an eighth millimeter. 

Histograms 1 to 4 show analyses of samples of Sylvania sandstone from 
southeastern Michigan, number 4 being the average of the other three. 
Each of these has its maximum in the grade size, half to a quarter milli- 
meter, or medium-grained sand, the next grade size above the maxima 
of the samples from northwestern Ohio. However, since there is a larger 


7A mineralogical study of the Sylvania sandstone of Michigan lists about 25 accessory minerals 
that have been identified. Stella West Alty: Report of an investigation of Sylvania rocks in oil 
wells of the Michigan basin, Mich. Acad. Sci., Arts, Letters, Papers, vol. 18 (1933) p. 289-300. 
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Hillsboro Sandstone 
Highland County, Ohio 
(Average of 3 analyses) 


9 


Wha 


Fiaurs 3—Size of grain and degree of sorting for various samples of Sylvania and 
Hillsboro sandstones, shown by percentage distribution 


Numbers 1, 2, and 3 show analyses of samples of Sylvania sandstone from southeastern 
Michigan; number 4 is the average of these three. Numbers 5, 6, and 7 represent samples of 
Sylvania from northwestern Ohio; number 8 is the average of these three. Number 9 records 
the average of three analyses of the Hillsboro sandstone from southern Ohio. The composite 
histogram of 4, 8, and 9 shows the relative size, and the percentage falling into each of the 
several grade sizes, for the Sylvania sandstone of southeastern Michigan, the Sylvania of north- 
western Ohio, and the Hillsboro of southern Ohio. Analyses by Daniel A. Busch. 
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percentage in the next grade below the maxima than in the next grade 
above, the mean is nearer a quarter millimeter than it is half a milli- 
meter. Apparently, the great majority of the grains are just above a 
quarter millimeter in southeastern Michigan and just below a quarter 
millimeter in northwestern Ohio. This decrease in size southward accords 
with a postulated northwest source, but other factors may also have 
affected the size of the grains. 

In Highland County in southern Ohio (Fig. 1) there are several small 
areas of sandstone similar to the Sylvania, resting disconformably on the 
Niagaran and the Greenfield dolomites. This sandstone, known as the 
Hillsboro,* occupies the same Silurian-Devonian hiatus as the Sylvania, 
but in Highland County this hiatus extends from the Greenfield dolomite 
of Upper Silurian to the Ohio shale of Upper Devonian. Histogram 9 
records an average of three analyses of the Hillsboro sandstone. It shows 
71 per cent in the grade one-eighth to one-sixteenth millimeter, or very 
fine sand, the next grade finer than for the Sylvania of northwestern 
Ohio. The composite histogram of numbers 4, 8, and 9 shows the rela- 
tive size of, and the percentage falling into, each of the several grade 
sizes for the Sylvania of southeastern Michigan, the Sylvania of north- 
western Ohio, and the Hillsboro of southern Ohio. 

(6) In southeastern Michigan the Sylvania sandstone is at places prom- 
inently cross-bedded, with the laminae dipping in various directions, as 
in dune sand, but, in northwestern Ohio, only one exposure showing 
notable cross-bedding is known. This is in the lower part of the sand- 
stone at Silica, near the State line. 


STRATIGRAPHIC RELATION TO ITS BASE 


The Sylvania sandstone rests disconformably on the Raisin River 
member of the Bass Island formation. Exposures showing the contact 
have been found at only two of the localities, but these agree completely, 
and are both very definite. The contact surface has irregularities of 
only a few inches, with the sandstone fitting closely down over the irreg- 
ularities. The contact is sharp; there are no sand grains in the dolomite 
below the contact, but above is a pure quartz sandstone. Further, the 
sandstone has commonly ’a basal conglomerate, the pebbles of which were 
derived from the underlying dolomite. 

The most important exposure showing the base of the Sylvania sand- 
stone is in the Holland quarry, north of Monclova (Fig. 2), where the 
upper part of the west wall of the east quarry shows the Sylvania sand- 
stone with a maximum thickness of 6 feet (Pl. 1). The basal 3 to 6 


® J. E. Carman and E. O. Schillhahn: The Hillsboro Sandstone of Ohio, Jour. Geol., vol. 38 (1930) 
P. 246-261. 
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inches of the sandstone contains rounded pebbles of Raisin River dolo- 
mite, up to 2 to 3 inches across, and there are a few small pebbles even 
at one foot above the contact. At the contact there are a few slabs 
of the dolomite, up to 8 inches across, with sand around and beneath 
them. All the pebbles are definite Raisin River dolomite without a 
trace of sand. This definite basal conglomerate, lying on an eroded 


Holland qua Metzger ridge 
Amherstburg arenaceous dolomite 
Fossils (Amherstburg) Dolomitic sandstone 
Dolomitic sandstone with 
4 SH _some arenaceo 15 dolomite Arenaceous dolomite and 


1 dolomitic sandstone 


Massive sandstone 


Medium-grained, massive 
quartz sandstone 


Ee] Dolomitic sandstone and 
ae arenaceous dolomite 


Medium grained 


quartz. sandstone 

LePossils (Amherstburg) 7 Quartz sandstone 

Dark drab dolomite Drab dolomite 

(Raisin River) (Raisin River) 


Ficurs 4—Columnar sections of the Sylvania sandstone 


At the Holland quarry north of Monclova and at Metzger Ridge southeast of Whitehouse. 
The Sylvania rests disconformably on the Raisin River and grades upward through dolomitice 
sandstone and arenaceous dolomite into the overlying Detroit River dolomite. 


surface of Raisin River dolomite, shows that there was an interval of 
erosion between the Raisin River and the Sylvania stages. The pebbles 
of dolomite were lying on the surface or in the soil when the sea in 
which the Sylvania sand was deposited, encroached on this region. An- 
other exposure showing the same characteristics of the basal contact 
of the Sylvania exists farther south where the sandstone crosses the 
Maumee River. 


SUCCESSION WITHIN AND AT TOP 


The Sylvania is typically a pure quartz sandstone, but it shows also 
all gradations from sandstone, through dolomitic sandstone and arena- 
ceous dolomite to dolomite. Commonly, the basal half of the formation 
is pure sandstone and the upper half shows various degrees of mixture 
with dolomite. Two columnar sections of Sylvania sandstone are shown 
in Figure 4. The section from the Holland quarry is typical. Below 
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are 25 feet of massive sandstone with dolomitic cement. The upper 15 
feet show an alternation of dolomitic sandstone and arenaceous dolomite, 
with a general upward decrease of the quartz sand. The section from 
Metzger Ridge, farther south, is similar, but there is less of pure sand- 
stone below and more of the alternating beds above. 

The Sylvania passes without a break into the overlying Detroit River 
dolomite, and any horizon chosen for the contact is purely arbitrary. 
The gradual transition from the sandstone to the overlying dolomite 
shows that the upper contact of the Sylvania sandstone is conformable 
and that the sandstone, or at least the transition beds, were laid down 
at the beginning of the period of deposition when the overlying dolomite 
was formed. Stratigraphically the Sylvania sandstone is closely related 
to the overlying Detroit River formation and is distinctly set off from 
the underlying Bass Island formation. 

This conformity of the Sylvania with the overlying Detroit River 
dolomite holds, even where the basal members of the Detroit River are 
missing. That is, the Sylvania grades into the overlying dolomite regard- 
less of the position of this dolomite in the Detroit River formation. 
Where the section is complete, as in the region along the Detroit River, 
the sandstone should be overlain by the Flat Rock member, but in north- 
western Ohio the Flat Rock and the Anderdon members and practically 
all of the Amherstburg member are missing, and yet the Sylvania sand- 
stone grades conformably into the overlying upper Amherstburg or lower 
Lucas dolomite. 


FAUNA 


Fossils exist in the dolomitic sandstone and arenaceous dolomite which 
form the transition beds above the Sylvania at all the exposures where 
these beds are shown, and at the Holland quarry a fauna exists in the 
Sylvania sandstone proper, within 2 feet of its base and beneath 25 feet 
of sandstone. The fossils in the transition beds, and even those near 
the base of the sandstone, are the same as those in the overlying member 
of the Detroit River formation and are not related in the least to the 
fossils of the underlying Bass Island formation. 

The fossils collected from the Sylvania sandstone are listed in Table 2. 
The largest collection from the transition strata was made at the Holland 
quarry. This fauna (No. 1), consisting of about 15 species, is made up 
mostly of forms that might be either Amherstburg or Lucas, but some 
are more characteristic of the Amherstburg. The fauna from near the 
base of the Sylvania (No. 2) is a definite Amherstburg fauna, with four 
or five forms which are restricted to this member. The fauna from the 
transition beds on Metzger Ridge (No. 3) consists chiefly of forms that 
might be either Lucas or Amherstburg, but are preferably Amherstburg. 
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FAUNA 


Taste 2—Fossils from Sylvania Sandstone 


Age* 1 2 3 4 5 
L-Am | x x x x 
Cylindrohelium L-Am | x x x x 
Prosserella x x x 
Schuchertella L-Am | x x 
Conocardium monroicum. .........00000055 L-Am | x |..... x x x 


No. 1.—Holland Quarry. Transition beds above. 

No. 2.—Holland Quarry. Base of Sylvania sandstone. 
No. 3.—Metzger Ridge. Transition beds above. 

No. 4.—Metzger Ridge. Sylvania sandstone. 

No. 5.—Falls of Maumee. Transition beds above. 
*L= Lucas; Am = Amherstburg. 


The same is true of fauna Number 4, from the true sandstone on Metz- 
ger Ridge. A fauna at one foot above the Sylvania sandstone at the 
Falls of the Maumee (No. 5) and others in the next 10 feet upward 
contain the typical Lucas forms. 

Thus, it appears that the Detroit River sea reached the area of the 
present outcrop of the Sylvania sandstone in northwestern Ohio in the 
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latter part of the Amherstburg stage. It apparently reached the central 
part of the belt first, as represented by the Holland quarry, where Am- 
herstburg forms exist at the very base of the Sylvania sandstone as well 
as in strata 35 to 40 feet higher. By the time that the deposition of 
the transition beds had been completed, the Amherstburg stage had given 
place to the Lucas stage, for there is no true dolomite with an Amherst- 
burg fauna known in northwestern Ohio. It was already Lucas time 
when the sea reached the most southern of the exposures known, the one 
at the crossing of the Maumee River (No. 5). 


ORIGIN AND AGE 


The Sylvania sandstone has its greatest development in scutheastern 
Michigan, where its thickness is 50 to 75 feet and where, near Rockwood, 
it is now being worked for glass sand. It is known, with thicknesses as 
great as 300 feet,® in well records to the northwest in Michigan. The 
more pronounced characteristics of the Sylvania sandstone of south- 
eastern Michigan are the exceptionally well-rounded sand grains; the 
uniformity of size of grains; the extreme purity, at least locally, of the 
grains; and the pronounced development of cross-bedding. On the basis 
of these characteristics, Grabau and Sherzer, in their report on the 
Monroe formation of southeastern Michigan,’ interpreted the Sylvania 
sandstone as chiefly an eolian deposit. They believed that the sand was 
derived from some source to the northwest, probably the outcrop of 
the St. Peter sandstone, and was transported southeastward across Mich- 
igan, which was at that time an arid region. 

In northwestern Ohio the well-rounded characteristic and the uni- 
formity of size of the sand grains hold, as in Michigan, but the other 
eolian characteristics are not well developed. There is some cross- 
bedding, but most of the sandstone and all the transition strata above 
are definitely bedded, aqueous deposits. Further, the fossils which are 
commonly present in the transition beds above, and exist locally within 
the sandstone down to its base, represent marine organisms. It is evi- 
dent, therefore, that most of the Sylvania sandstone of northwestern Ohio 
was not laid down as an eolian deposit. A little of it, which shows 
prominent cross-bedding, may be eolian. 

The Sylvania sandstone of northwestern Ohio is here interpreted as 
largely water-laid under marine conditions, although the well-rounded 
characteristic of the grains may have been developed by wind work 
during some preceding interval. Northwestern Ohio was on the south- 
eastern edge of the area of thick eolian sand deposition in Michigan 


®A, W. Grabau and W. H. Sherzer: The Monroe formation of southern Michigan and adjoining 
regions, Mich. Geol. Biol. Surv., Publ. 2 (1910) p. 68-71. 
20 Op. cit., p. 61-86. 
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during Sylvania time and received only a thin deposit of 25 feet or less 
of eolian sand. The oncoming sea of the Detroit River stage, which 
reached northwestern Ohio in late Amherstburg or early Lucas time, 
advanced over this region of thin eolian sand, reworked it, redeposited 
it under marine conditions, and incorporated remains of the life existing 
in this encroaching sea. The sand worked up by the waves on the shore 
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Fiaure 5—Generalized north-south section in the region west of Lake Erie 

Showing the Sylvania sandstone resting disconformably on the Bass Island dolomite and 
grading upward into the several members of the Detroit River formation. The Detroit River sea 
encroached from the north. 
and that washed in from the bordering land was spread more or less 
widely over the adjoining sea bottom, where it was mixed, or interbedded, 
with the calcareous oozes, forming all gradations, laterally and vertically, 
from pure sand to pure calcareous ooze or, as now existing, all gradations 
laterally and vertically from sandstone to dolomite (Fig. 5). As the 
shore line advanced, any particular area of deposition became farther 
and farther removed from the shore or source of the sand, and, therefore, 
received less and less sand, until none was brought by even the strongest 
storms, and succeeding deposits were pure calcareous oozes. In the course 
of time the entire area of sand became submerged and buried by sedi- 
ments to such a depth that it could no longer be disturbed by wave 
action, and no more sand was available for mixing with the calcareous 
sediments. 

It is evident, therefore, that the water-laid Sylvania is not of the same 
age at all places. It was the earliest deposit of the oncoming Detroit 
River sea but is much later in northwestern Ohio than in the region 
of the Detroit River, where the Detroit River formation has its com- 
plete section downward (Fig. 5). On the basis of the time of rework- 
ing and final deposition, most of the Sylvania sandstone in northwestern 
Ohio is of late Amherstburg or early Lucas age. 

Even the eolian phase of the Sylvania sandstone is not limited every- 
where to pre-Flat Rock time. In northwestern Ohio where the Flat 
Rock, Anderdon, and practically all of the Amherstburg members are 
missing, the deposition of eolian sand may have continued through these 
stages, being contemporaneous with marine, aqueous deposits of these 
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stages elsewhere. In northwestern Ohio the deposition of the eolian 
phase of the sandstone may have begun any time after the erosion sur- 
face at the top of the Raisin River member had been developed and may 
have continued until the Detroit River sea reached this region in late 
Amherstburg or early Lucas time. 

The name, Sylvania, was given for the sandstone within the Water- 
lime division in northwestern Ohio, the term being derived from Sylvania 
Township of Lucas County." Soon the name came into general use 
for the sandstone of the same horizon in southeastern Michigan, where 
it was interpreted by Grabau and Sherzer as eolian in origin.2 The 
classification of 1907 placed the Sylvania as post-Raisin River and pre- 
Flat Rock ** in age (Table 1). It is now recognized that the Sylvania 
contains both water-laid and eolian deposits, that its age ranges in dif- 
ferent places from pre-Flat Rock to early Lucas, and that, although the 
term Sylvania must be placed in a geologic column below the Flat Rock, 
there probably is no pre-Flat Rock Sylvania in the type locality of 
Sylvania Township. The type Sylvania is upper Amherstburg and lower 
Lucas. 

The Sylvania is a definite lithologic unit. Therefore, in spite of the 
differences in origin and in age, it seems advisable to continue the present 
usage of the term Sylvania and to include not only the pure sandstone 
below but also the principal transition beds above. Any subdivisions 
based on differences in origin or age would be difficult to use in the field 
and would lead to much confusion in the literature. 


SUMMARY AND CONCLUSIONS 
In summary: 


(1) The Sylvania sandstone includes two phases: first, a probably 
eolian deposit, which has a great development in southeastern Michigan 
and is only slightly developed in northwestern Ohio; and, second, a 
reworked and water-laid phase, which is the dominant type in north- 
western Ohio and which may show all gradations to pure dolomite. 

(2) The Sylvania rests disconformably upon the eroded surface of the 
Raisin River member of the Bass Island formation. 

(3) The water-laid phase of the Sylvania grades conformably into the 
overlying Detroit River dolomite, which in this region is of late Amherst- 


burg or early Lucas age. 


11 Edward Orton: The geology of Ohio considered in its relations to petroleum and natural gas, 
Ohio Geol. Surv., vol. 6 (1888) p. 18-20. 

22 A, W. Grabau and W. H. Sherzer: op. cit., p. 61-86. 

of the upper Siluric strata of Michigan, Ohio, and western New York, Geol. Soc. Am., Bull., vol. 19 
(1907) p. 553-556. 
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(4) The water-laid phase and the transition beds above contain fossils 
of either Amherstburg or Lucas age and were, therefore, deposited in the 
oncoming Detroit River sea, the sand being derived by the reworking 
of a mantle of eolian sand. 

(5) The water-laid sandstone is of different age at different places, 
being the deposit of the marginal part of an encroaching sea. 

(6) The eolian phase of the Sylvania may represent not only the 
Sylvania stage proper but also such early part of the Detroit River stage 
as is not here represented by marine deposits. 

(7) The Sylvania is closely related stratigraphically and faunally to 
the Detroit River formation, and, whatever systemic disposal is made of 
the Detroit River formation, the Sylvania sandstone must go with it as 
of the same general age. 

(8) On faunal basis the Detroit River is Devonian. Therefore, the 
Sylvania sandstone is Devonian. It is the lowest unit, or deposit, of the 
Devonian system in Ohio. 

(9) In spite of the variable age relations of this sandstone, it is be- 
lieved that the term Sylvania should be continued as the name of a 
lithologic unit in northwestern Ohio. 
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Plate Facing page 


FRENCH RIVER DRAINAGE SYSTEM 


French River is the overflow from Lake Nipissing into Georgian Bay. 
It is about 40 miles long, and has a total fall of about 65 feet. It com- 
bines the waters of three other rivers—Wanapitei, Murdock, and Pick- 
erel—in one great east-west watercourse, known in different portions as 
Ox Bay, Wanapitei Bay, and French River. The combined waters turn 
abruptly south and southeastward to discharge through a complicated 
arrangement of distributary channels, obstructed by falls and rapids. 


RELIEF FEATURES 
MAJOR FEATURES 


The region through which these rivers flow has a nearly featureless 
surface, slightly tilted upward toward the north and the east. South- 
ward the nearly flat surface may be followed along the eastern shore of 
the bay, and southwestward the rock surface continues to sink below 
the level of the lake at the rate of about 12 feet to the mile. This con- 
tinues for about 60 miles, to the southwest of the docks at Key Harbour 
(in the northeastern corner of Georgian Bay) nearly to Cabot Head. 
At Cabot Head the bottom rises steeply to the southwest in an escarp- 
ment about 450 feet high. The gradient of the lake bottom between 
Cabot Head and the docks at Key Harbour is nearly the same as the 
gradient of the land surface between the Pickerel River and Key Har- 
bour in a north-south direction, and as that between Georgian Bay and 
Byng Inlet station in an east-west direction. It appears, therefore, that 
the outlet of French River occupies a slightly warped plain, gently shelv- 
ing from the north and from the east to a sloping trough which continues 
under the waters of Georgian Bay and ends in the so-called Niagara 
Escarpment at Cabot Head. Northeastward from Georgian Bay, this 
physiographic trough continues past Lake Nipissing and notches the 
divide of the valley of the Ottawa River. 


1 Department of Interior, Standard topog. map 8, S.E., French River Sheet, Ontario, Canada 
(1923). 

Other maps needed in reference to this paper are: Department of Interior, Standard topog. 
map 9, S.W., Parry Sound Sheet; Sheet 41 H/NE, Byng Inlet; Sheet 41 H/SE, Parry Sound; 
Department of Mines, Geol. Surv. Can., Map 220A, Panache Sheet, Map 221A, Collins Inlet Sheet, 
Map 238A, Delamere Sheet, and Map 239A, Key Harbour Sheet. 
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Low, rounded hummocks rise slightly above the level of this subdued 
trough, and form innumerable points and islands in Georgian Bay. A 
border of bare rock skirts the shores, on exposed points being as much 
as 200 feet wide, and all the smaller islands are bare. However, farther 
inland the smooth rock surfaces lie partly beneath a thin mat of vege- 
tation, which thickens here and there in shallow depressions to a depth 
of a few feet. Deeper depressions are occupied by lakes and swamps. 
But even at a distance of several miles from Georgian Bay a large pro- 
portion of the hillocks are bare. South of Byng Inlet the lake bottom 
rises gradually eastward to the level of Georgian Bay, and gives rise 
there, between Byng Inlet and Pointe au Baril, to a wide fringe of low 
islands and rocky shallows which makes this part of the coast line the 
most difficult and dangerous stretch for navigation between Little Current 
and Parry Sound. Throughout most of Delamere and Key Harbour 
quadrangles the maximum local difference of relief is generaliy less than 
50 feet. Along certain stretches of the great river channels, however, 
there are cliffs nearly 100 feet high, and a group of large quartzite hills 
rises between 200 and 300 feet above the plain in Delamere township. 
Although they are locally prominent landmarks, they are hitherto un- 
named; accordingly, the name “Delamere hills” is suggested (PI. 3, fig. 1). 
From a fire ranger’s lookout on one of these hills no other hills of compa- 
rable size can be seen in any direction except in the west, where, about 30 
miles away, the beautiful snowwhite shoulders of Northeast Peak (1762 
feet above sea level) may be seen rising above the dark, forest-covered 
lowlands. Northeast Peak is the most easternly peak of the LaCloche 
Hills, rising more than a thousand feet above Lake Huron. 

The lowlands are bounded to the northwest by the LaCloche Hills. 
They continue with no interruption except the Delamere Hills—monad- 
nocks—northeast to Lake Nipissing and south to Pointe au Baril. Be- 
yond a narrow shelf near the lake, the lowland gives place to consider- 
ably higher land east of Pointe au Baril. Wahwashkesh Lake, 20 miles 
east of Byng Inlet, lies nearly 160 feet above Georgian Bay, within a 
locality having a local relief of about 100 feet. 


MINOR FEATURES 


There are also minor features of relief caused by selective erosion along 
bedding and jointing in the bedrock. In many places the rocks have 
two sets of joints, one parallel and the other transverse to the banding 
of the rocks. The joints are spaced 2 to 6 feet from one another. Selec- 
tive weathering and erosion have acted along the joints and made a 
trellis-like pattern at the surface of the rocks. Bounded by the joint 
planes, blocky-shaped masses of rock remain almost unaffected by weath- 
ering, but they have been rounded off by glacial action into well- 
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Ficurr 2.—Detailed map of watercourses near Georgian Bay, between Collins Inlet 
and Shawanaga River 
Position indicated by shaded portion of Figure 1. 


developed roches moutonnées. Plants grow fairly freely along the 
joints but do not grow on the rocky spaces between them; consequently, 
from a height the country appears to be divided into little rectangles 
of bare rock separated by lines of vegetation (Pl. 1, fig. 1). Large areas 
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of Key Harbour quadrangle are underlain by banded gneisses thus cut 
into a checkerboard pattern. In places where one set of joints follows 
the banding with few or no transverse joints, the surface is divided into 
strips of nearly bare rock bounded by parallel lines of vegetation, thus 
showing a gridiron pattern when viewed from above. This type of sur- 
face is well developed in the western part of Key Harbour quadrangle, 
on the mainland between the mouth of French River and Fox Bay. Wher- 
ever the land is underlain by nearly massive igneous rock the distribution 
of vegetation is without any definite arrangement. From a study of the 
distribution of vegetation and of bare rock as shown on airplane pho- 
tographs, it is possible to distinguish fairly clearly between the areas 
underlain by jointed, bedded gneisses and those underlain by massive 
igneous rocks which are prevailingly unjointed (Pl. 2, fig. 2). In most 
areas of Ontario, surficial deposits and vegetation obscure such details, 
but near Georgian Bay the rocks are nearly bare of superficial covering, 
and airplane photographs available to the writer reveal the position of 
several intrusive contacts. 


SURFICIAL DEPOSITS 
GLACIAL DEPOSITS 

Important glacial moraines lie about Rutter, Bigwood, and Jamot post- 
offices. They seem to have accumulated in the lee of the Delamere Hills. 
These moraines and the level lowlands associated with them support the 
only farming communities of the neighborhood. The lowlands have 
sandy and loamy soils which are in part due to fluvio-glacial outwash 
from the moraines, and in part to a later distribution of loose material 
by the lake waters of the Nipissing stage. 

Other important morainic deposits lie north of Porlock about the 
Ontario Industrial Farm and south and east of the town of Byng Inlet. 
The main drainage area of French River is bounded both north and south 
by higher lands on which moraines accumulated. Apparently the accu- 
mulations of glacial deposits were dependent largely upon the relatively 
rough relief of these higher lands, but similar deposits may have come 
to rest on the lowlands, only to be removed by the outflow of the Great 
Lake waters during the Nipissing stage. 

NIPISSING BEACHES AND DELTAS 


A large part of the French River drainage area was submerged by 
the waters of the combined Great Lakes at the so-called Nipissing stage.* 
During the Nipissing stage, all the overflow of the upper Great Lakes 
is supposed to have gone by North Bay on Lake Nipissing, via Trout 


* Frank Leverett and Frank B. Taylor: The Pleistocene of Indiana and Michigan and the history 
of the Great Lakes, U. 8. Geol. Surv., Mon. 53 (1915) p. 461-469. 
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Lake, down the Mattawa River valley to sea level. At the present time, 
due to post-glacial changes in level, Lake Nipissing is about 60 feet 
higher than Georgian Bay, but during the Nipissing-Great Lakes stage 
it stood at a level lower than the surface of the Great Lakes. The old 
water level is well marked at North Bay on Lake Nipissing, not only by 
the ancient channels but by well-developed beaches. As Taylor® re- 
marked, these beaches have not hitherto been discovered on either the 
north or the east shores of Georgian Bay, chiefly because of the forest 
covering of the country and the irregularity of shore lines. Near Mile- 
post 85, between Burwash and Porlock stations on the Canadian National 
Railway, is a gravelly deposit which has been drawn upon considerably 
for railroad ballast. This is probably part of the old Nipissing beach. 
It stands at an elevation of between 650 and 670 feet above sea level; 
its elevation is about what should be expected for that of the Nipissing 
beach in that locality, inasmuch as that beach stands at about 698 feet 
at North Bay. A few miles north of Porlock station a sand plain extends 
for at least 10 miles along Wanapitei River, and occupies the lower parts 
of the valleys of its tributaries, White Oak Creek and Massey Creek. 
Horizontally bedded clays show in the banks of the lower parts of these 
streams, but the upper waters of White Oak Creek flow from the high 
upland west of Wanapitei River in a narrow V-shaped valley. The 
deposits of sand and clay in the valleys of Wanapitei River and its 
tributaries indicate that the valleys were once drowned and became the 
site of deposition since glacial times. The existence of a gravelly deposit 
nearby, at or about the elevation (interpolated) of the Nipissing stage 
beach, indicates that the sandy and clay deposits in the Wanapitei River 
valley accumulated in the lake waters of the Nipissing stage. 

In contrast to the farms on and near morainal deposits, the sandy 
lowlands about Wanapitei River and its tributaries remain uncultivated. 
The highly sandy nature of these deposits, which renders them of small 
agricultural value, suggests that they may be of deltaic origin. They 
lie in a pre-glacial valley which appears to have been submerged during 
the Nipissing stage of the Great Lakes. 

Another gravelly deposit which might be a Nipissing beach lies about 
one mile northwest of Bekanon station, at an elevation of about 620 
feet. Bekanon is about 30 miles south of Porlock, and, inasmuch as the 
land was tilted, after the Nipissing stage, more at the north than at the 
south, the difference of levels between the two gravelly deposits indicates 
that they may be parts of the same beach. Thus, one can assume that 
all the country between Bekanon and Porlock was subject either to ero- 
sion by the outflow of the Great Lakes or to deposition in the lake waters. 


2 Op. cit., p. 457. 
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A strip of lowland, generally less than half a mile wide, extends about 
5 miles, from near Bekanon station southward to Byng Inlet village. 
This stretch of land is traversed by the Canadian Pacific Railway and 
by the lower part of the Still River. Most of the land betweeen Still 
River station and Byng Inlet village has a good loamy soil and is cul- 
tivated. Beyond the eastern edge of this little plain the land is generally 
rocky, rough, and relatively high, but on the west side the land is 
characterized by flat outcrops of rock and intervening swamps. Still 
River now flows from Nogonosh Lake, about 8 miles almost straight east 
of the railroad crossing north of Britt station. Where the Canadian 
National Railway crosses Stil] River near its outlet from Noganosh Lake 
the valley is a canyon over 100 feet deep, with an elevation of 712 feet 
near the top. This is considerably higher than the old Nipissing lake- 
level, which seems to be represented by the gravelly deposits near 
Bekanon at an elevation of about 620 feet. Apparently the lower five 
miles of Still River is post-Nipissing, but the canyon and the basin of 
Noganosh Lake are much older. Presumably during the Nipissing stage, 
Still River was flowing into the Great Lakes and at that time accumu- 
lated near its mouth the deposits which lie between Bekanon and Byng 
Inlet. 

Apparently most of the lake deposits of the Nipissing-Great Lakes 
stage accumulated either offshore from unconsolidated rock, such as gla- 
cial till, or at river mouths as deltas. 


a CHARACTER OF FRENCH RIVER OUTLETS 


The ground plan of the outlets of French and connected rivers re- 
sembles that of a delta. Unlike a delta, however, the areas enclosed 
between the diverging channels are composed of solid bed rock. Swift 
streams flow over rocky channels, obstructed by falls and rapids, down 
a slope of nearly 15 feet in about 2 miles. Bad River is the only outlet 
without falls. Under favorable conditions small power boats can be 
driven up the rapids, which are about a mile long and rough in places. 
The main outlet of French River has a fall of about 8 feet at the upper 
end of the French River inlet, and swift rapids about a mile above the 
fall. Eastern outlet (Bass Creek route) has several small falls and 
rapids, including a very steep, narrow, natural chute at the lower end. 
Pickerel River outlet leads over rapids and falls about half way between 
Ox Bay and Georgian Bay, having the upper and lower portions free 
from such obstructions. Fox Lake route lies about a mile west of Pick- 
ere] River outlet, and roughly parallel to it. It is scarcely navigable, 
even with canoes, in times of low water, and at all times it ‘is inter- 
rupted by several falls, rapids, and consequent portages, except at its 
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lower end, where it becomes a long, narrow arm of Georgian Bay. There 
are several other drainage courses which would become effective if there 
were a material rise in the water level of Ox Bay. 

It is not normal for a young stream to split up into distributary 
channels near its outlet, unless it is heavily overloaded with sediments. 
French River is practically free from sediment of all kinds, because 
it drops its load along the way in the various lake basins through which 
it passes. However, if one sees these waterways as remains of the 
Nipissing-Great Lakes outlet by way of North Bay and the Ottawa 
River, then something like a logical arrangement is recognizable. The 
distributary channels of French River, from that point of view, appear 
as tributary channels, all leading to the main channels of overflow into 
Lake Nipissing. However, these channels themselves followed valleys 
made by still earlier streams. These earlier streams had been influenced 
by a group of factors, of which one can see the effects in some places. 
These factors of influence are (1) the bedding of the rock, (2) the posi- 
tion of easily weathered or eroded dikes, (3) easily eroded lines of con- 
tact between massive and bedded rocks, (4) lines of faults, (5) regional 
jointing in the rocks, and (6) the distribution of glacial deposits. 


CONTROL OF PRESENT DRAINAGE 
BEDDING 


Most of the waterways, lakes and rivers, follow the strike of the rocks. 
Examples are the subsidiary bays of Wanapitei and Ox bays, the outlets 
of the French River waters, and the numerous inlets between the mouth 
of Bad River and the docks at Key Harbour on Georgian Bay. 

Where the rocks are bent in steeply plunging folds, the lakes and rivers 
tend to follow these upon the surface. A fine instance of this is seen 
in the shape of the series of lakes between Paget and Delamere on the 
northeast, and Porlock and Bayswater on the southwest (Delamere 
map-area). 

In certain places, little unsymmetrical valleys show the topographical 
control exercised by bedding. A particularly good example is the valley 
of a small tributary of French River, about a mile east of Recollet 
falls. In this place it is clear that the stream bed is being shifted 
sideways in the direction of the dip of the rocks, as fast as the stream 
cuts downward. Incidentally, one may note that the walls and floor of 
this valley are polished by glaciation. 

DIABASE DIKES 


Certain diabase dikes, especially those which are parallel to the struc- 
ture of the rocks, appear to underlie important watercourses. Diabase 
is certainly not weaker than the country rocks in all cases in this dis- 
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trict. Bell* was strongly of the opinion that the weathering and ero- 
sion of diabase dikes, partly accomplished in pre-Paleozoic times, had 
provided trench-like depressions in which the present rivers flow. With 
the exception of a few short dikes along Collins Inlet, within Collins 
Inlet quadrangle, and diabase outcrops in the gorge of French River, 
the writer has seen no instances of the apparent control of a waterway 
by the erosion of a diabase dike. On the contrary, he has seen a 
number of places where diabase, due to its resistance to erosion, stands 
up as a hill or causes falls and rapids in streams. 


CONTACT ZONES 


Another control of waterways is exercised by contact zones around 
intrusive masses. The north channel of French River in Mason town- 
ship and the upper Sturgeon lakes in Delamere township together out- 
line the southern boundary of a great batholithic intrusion; Trout Lake 
and its extensions toward Paget outline the northern margin of the same 
batholith. Four Mile Island in the South Channel of French River, is 
largely a boss or plug of granite surrounded by uptilted banded gneiss. 
The land masses between the various outlets of French River appear 
to be sill-like intrusions, which are separated from one another by well- 
bedded gneisses along which the drainage has developed its valleys (Pl. 2, 
fig. 2). The outlets are in places peculiarly vulnerable to the attack of 
running water; they lie parallel to the strike of jointed and well-bedded 
rocks which were greatly shattered and otherwise weakened by neighbor- 
ing igneous intrusions of considerable size. This directional control of 
the inland waterways by igneous contacts is repeated on Georgian Bay, 
in the shape and distribution of channels and inlets. 


FAULTING 


In recent years, Hobbs * suggested that the drainage in the general 
area of this report is controlled by faulting. With this conclusion the 
present writer, who has done work of a much more detailed character 
than was possible for Hobbs, can agree only if, under faulting, Hobbs 
intends in this connection to include jointing. In the usually accepted 
meaning of the word, and with the exception of the lower Murdock 
River, faulting is only slightly responsible for the peculiarities of French 
River drainage. Faulting seems to have had no important influence upon 
French and Pickerel rivers or upon Key, Henvey, and Byng inlets. 

*R. Bell: On glacial phenomena in Canada, Geol. Soc. Am., Bull., vol. 1 (1890) p. 300; Pre-Paleo- 
zoic decay of crystalline rocks north of Lake Huron, vol. 5 (1894) p. 364. 

SW. H. Hobbs: Postglacial faulting in the French River district of Ontario, Am. Jour. Sci., 


5th ser., vol. 1 (1921) p. 507; Repeating patterns in the relief and in the structure of the land, 
Geol. Soc. Am., Bull., vol. 22 (1911) p. 151, fig. 26. 
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Ficure 1. AIRPLANE VIEW ALONG Key INLET 
Photograph by the Royal Canadian Air Force. 


Figure 2, AIRPLANE viEW FROM Key HARBOUR SOUTH TOWARD HENVEY INLET 
Photograph by the Royal Canadian Air Force. 


KEY AND HENVEY INLETS 
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Ficure 1. AIRPLANE VIEW SOUTH ACROSS FRENCH RIVER AND PICKEREL RIVER 
(background) 


Shows line of the Canadian National Railway toward Georgian Bay. Both rivers cut 
across the structure of the rocks. Photograph by the Royal Canadian Air Force. 


Ficure 2. AIRPLANE VIEW SOUTH ALONG PICKEREL RIVER OUTLET 
Photograph by the Royal Canadian Air Force. 


FRENCH AND PICKEREL RIVERS 
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JOINTING 


The effects of jointing upon the drainage system are very important. 
Regional jointing shows clearly along that part of the French River which 
leaves Dry Pine Bay through a narrow gorge transverse to the strike of 
the rocks east of the Canadian Pacific Railway. West of French River 
station the gorge of French River is bounded by cliffs, for a distance 
of about 3 miles. The northern cliff is the higher and steeper of the two. 
The top of the south cliff is beveled off at the top, apparently by the 
passage of the last continental ice sheet, which plucked rock at the same 
time from the face oi the northern cliff. Both river erosion and glacia- 
tion along the gorge of the French River have been aided by strong 
vertical jointing. Some of the jointing is distinctly curved; in some 
places the curved joint surfaces make the gorge wider below water level 
than above it. West of Recollet Falls, on the north side of French River, 
is a long stretch of precipitous shoreline repeatedly and strikingly broken 
along joint planes parallel to the course of the river (Pl. 3, fig. 3). 


GLACIAL DAMMING 


Although the examples of structural control of waterways are locally 
important, generally they are not persistent for long stretches, because 
they are interrupted in many places by glacial deposits. 


GLACIAL ABRASION 


The east-west valleys, especially French and Pickerel river gorges, 
show the unsymmetrical profile due to plucking of the north wall and 
abrasion at the top of the south wall, which is produced by the trans- 
verse passage of an ice sheet (PI. 3, fig. 2). Many parts of French and 
Pickerel river valleys show glacial striations and grooving over the 
islands and near the water’s edge on each side of the channels (PI. 4, 
fig. 2). 

Thus, one may conclude that the drainage connected with French and 
Pickerel rivers and their confluence occupies valleys which have been 
glaciated. Some valleys show partial control by jointing, in places 
transverse to the bedding and elsewhere parallel to it. Only one, so far 
as known—that of Murdock River—follows a fault line. Some accord 
with certain zones of igneous contact; others follow diabase dikes; and 
still others adhere to the bedding of the rocks. However, long before 
glaciation, some of the waterways were apparently independent of struc- 
tural control. Certain channels appear to have been occupied by the 
discharge of Nipissing-Great Lake waters, but they show little evidence 
of erosion from that cause. 


~ 
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ORIGIN OF PRE-WISCONSIN DRAINAGE 
PRE-BEEKMANTOWN SURFACE 


The outlet of French River is near the northern edge of the flat-lying 
Paleozoic formations. The general line of overlap of Paleozoic rocks 
upon the gneisses runs sharply southwestward from the northern end of 
Manitoulin Island. In the lee of LaCloche Hills, on the north shore of 
Georgian Bay, between Killarney and Little Current (on Manitoulin 
Island), there are considerable areas of Paleozoic rocks resting on the 
pre-Cambrian. It is evident that the severity of glacial abrasion against 
the edges of the Paleozoic rocks was greatly reduced by the strong quartz- 
ite buttress of LaCloche Hills, and it is to be expected that, both east 
and west of this obstruction, glacial erosion would have been more severe. 
In any case, there is a trough in the bottom of Georgian Bay which indi- 
cates the depression of Beaverstone Bay and the eastern end of the 
LaCloche Hills. Great quantities of Paleozoic rocks were stripped off 
by the repeated Pleistocene glaciations, as the great drift sheets farther 
south attest, and it seems probable that the southern part of this area 
was exhumed during the Pleistocene glaciations, revealing, for the first 
time in millions of years, the surface upon which the Beekmantown for- 
mation was deposited. As Collins * points out, this pre-Ordovician sur- 
face was not flat; it has a considerable relief near the present LaCloche 
Hills, but it is likely that the relief was considerably less about the 
northeast part of Georgian Bay. Bell’s observations’ on Benjamin 
Island indicate that much of the present granite surface about the shores 
of Georgian Bay must be little altered from what it was in pre-Ordo- 
vician times. Consequently, the present land surface about the shores 
of Georgian Bay is much like the plain upon which Paleozoic rocks 
were laid down. The relief of the rough country southeast of Pointe au 
Baril may be very near what it was in pre-Ordovician times. Appar- 
ently, the northeast corner of Georgian Bay occupies part of an old 
pre-Ordovician plain of erosion, which included monadnocks—the Dela- 
mere Hills—and bordered the LaCloche Hills on the northwest and a 
reduced but not base-leveled surface to the southeast. 


PRE-WISCONSIN DRAINAGE LINES 


In pre-Glacial days there must have been major streams somewhere 
on the great physiographic trough which now forms the French River- 
Lake Nipissing depression. One of them seems to have been in the gen- 
eral position of Wanapitei River, judged from the wide shallow valley 
in which the present river flows in Delamere quadrangle, and from the 


*W. H. Collins: North shore of Lake Huron, Geol. Surv. Can., Mem. 143 (1925) p. 107-108. 
7R. Bell: Pre-Paleozoic decay of crystalline rocks north of Lake Huron, Geol. Soc. Am., Bull., 
vol. 5 (1894) p. 359-362. 
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V-shaped, pre-Wisconsin valleys in the watershed west of the main 
valley. Another pre-Glacial stream appears to have been in the posi- 
tion of the present French River east of Bigwood township, judged from 
the width and the gently sloping walls of certain parts of the valley, 
but where it continued to the west, or to the east, it is hard to say. 
Farther west, the present Pickerel River perhaps occupies a continuation 
of the main pre-glacial valley. West of Wanikiwin station, Pickerel 
River flows for about 4 miles as a wide and deep watercourse. The 
vailey is nearly straight, with walls not over 70 feet high, and for long 
stretches with low, gradually sloping walls, very different from the deep, 
precipitous gorge of the French River, only a mile and a half to the 
north. This part of the Pickerel River valley is glaciated down to the 
water’s edge, and islands in the river also are glaciated. Near Waniki- 
win, bedrock, protruding above the water in the shallow main channel, 
shows marks of glaciation, as do also both valley sides (Pl. 4, fig. 2). 
This part of Pickerel River valley certainly is pre-Wisconsin in age, and 
probably pre-Glacial. 

The great east-west watercourse of the combined waters of French, 
Pickerel, Wanapitei, and Murdock rivers may be the westward continua- 
tion of this great valley. West of Bad River, the watercourse continues 
into Crombie Bay. Farther west, the lowland continues into the north- 
east corner of Beaverstone Bay and beyond, through Collins Inlet, to 
Georgian Bay. The northern part of Beaverstone Bay is very shallow, 
almost silted up with fine sediments. Similar sediment continues along 
the valley of Beaverstone Creek, toward the east. It appears that the 
sandy material was brought to the northern end of Beaverstone Bay by 
French River waters when the level of the lake was higher than at present, 
and when a long channel extended from Beaverstone Bay to Crombie Bay. 
As the Georgian Bay waters withdrew from the land as a result of the 
northward tilting after the retreat of the ice, much of the sandy materials 
deposited in this shallow channel seem to have been carried into Beaver- 
stone Bay by the slowly rejuvenated Beaverstone Creek. Meanwhile, the 
old channel between Beaverstone and Crombie bays has been raised 
above the level of French River waters, which now discharged only by the 
southward-leading channels. These southward-leading channels are 
blocked in part by large glacial boulders, which fact points to the pos- 
sibility that they were blocked wholly or in part by glacial barriers during 
the time of the continuation of the east-west watercourse into Beaver- 
stone Bay. Whatever glacial deposits there may once have been about 
the present outlets between Georgian Bay and the east-west channel, have 
certainly been removed except for the accumulations of boulders in some 
of the outlet channels. Unless there had been a barrier across the present 
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outlets of French River, it is hard to see why the water course should 
ever have continued across country from Crombie Bay to Beaverstone 
Bay, whence came the sandy sediment which is so abundant in the north- 
west part of Beaverstone Bay, or whence came the great boulders in the 
channels of French River which lead the overflow from the great east- 
west watercourse into Georgian Bay. 


POTHOLES 


The curious positions of certain potholes may be of significance. Pot- 
holes have been noticed in many places about Georgian Bay, from Killar- 
ney to Parry Sound at least, and they have been noted on some of the 
great inland waterways. Some of the potholes in this region are thought 
to have been made by water running under ice or otherwise closely con- 
nected with glaciers, for the reason that they are at different levels upon 
sloping rock surfaces. Others, formed by normal river currents, must 
have been made either immediately below waterfalls or in the bottoms 
of old steep channels. All the potholes seen by the writer in the region 
of the French River, except some which are in steep river channels, are 
on glaciated surfaces, and some of them have been partly cut away by 
glaciation. Examples of the last type may be seen on a very large scale on 
the east shore of the lake-like enlargement of Pickerel River, about 2 
miles east of Key Junction, and on the north wall of Key Inlet, about 
5 miles east of Key Harbour (PI. 4, fig. 1). These potholes attain depths 
up to 20 feet and diameters of 10 feet. Such potholes, considerably above 
present water level, partly cut away by glaciation, obviously can have 
no connection with the present drainage systems. 


GLACIATED LAKE BASINS 


Similarly, certain lake basins are pre-Wisconsin. The connected series 
of lakes encircling Delamere Hills is clearly not merely an obstructed 
river valley. Upper Sturgeon Lake overflows into Lower Sturgeon Lake 
by means of a considerable drop over bedrock. The uniform trend oi 
all the lake basins in this series is parallel to the general strike of the 
rocks, and somewhat oblique to the direction of the last glacial invasion. 
These basins were glaciated by the last glaciation, and possibly were 
in existence previous to all the Pleistocene glaciations. Of course, glacia- 
tion made them deeper and longer, but they were joined, one to the other, 
by post-glacial overflows which finally united them to French River. 
Many examples of such glaciated lake basins might be cited. 


STRAIGHT EAST-WEST CHANNELS 


General statement.—South of the outlets of French and associated 
rivers there are several long, narrow, and nearly straight inlets opening 
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Figure 1. NortH OF DELAMERE HILLS 


Ficure 3. NortTH SIDE OF THE FRENCH RIVER 
Between the Canadian National and the Canadian Pacific railroads. 


DELAMERE HILLS AND FRENCH RIVER 
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Ficure 1. Norts watt or Key INvLer 
Potholes, about five miles east of Key Harbour, evidently cut through by the channel of Key Inlet 
previous to glaciation, for glaciation has rounded the edges of the potholes in which pine trees are 


Ficure 2. GIANT POTHOLE BESIDE THE PICKEREL RIVER 
Near the bridge at Wanikiwin station on the Canadian Pacific railroad. Glaciation evidently scour- 
ed across the channel of Pickerel River and partly cut away the top of the pothole. 


POTHOLES 
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into Georgian Bay. The most important ones are known as The Key, 
Henvey, and Byng inlets, and Pointe au Baril Harbour. These channels, 
or inlets, have small discharges in proportion to their sizes. Obviously, 
they do not owe their existence to the present drainage system. On the 
map they appear to be the mouths of great river not now in existence. 
Evidently, however, they are related to the striking east-west channels 
of French and Pickerel rivers (Pl. 2, fig. 1), tothe part of Murdock 
River about 5 miles east of Porlock, to Collins Inlet and its continuation 
in Killarney Inlet, west of Key Harbour quadrangle, and to east-west 
gorges of rivers farther east. 

The Key.—The Key is an almost straight slash through the bedrock, 
running from Key Harbour due east for about 9 miles to Ludgate station 
on the Canadian National Railroad. The eastern 4 miles of The Key 
is @ narrow canyon with steep cliffs on both sides for long stretches, and 
with low shores only here and there. The cliff faces show the effect of 
jointing which is markedly curved, as it is also in the French River 
canyon. However, the lower half of The Key seems to be quite out of 
adjustment with the direction of the jointing systems. The joints are in 
two sets, one parallel to the direction of the bedding, which is about 
N. 60° E., and the other at right angles to the first. The Key runs almost 
due west, and judged by aerial photographs, it runs oblique to both sets 
of joints (PI. 1, fig. 1). 

The Key at Ludgate is almost at the level of Georgian Bay. Inasmuch 
as the surface of the land rises at a rate of about 12 feet a mile, from the 
level of Georgian Bay in an eastward direction, the eastern part of The 
Key has much higher walls than the western part. This condition is 
common also to the other inlets. Certain stretches of the upper part of 
The Key are just as impressive scenically as the gorges of French and 
Pickerel rivers. However, the western part of The Key is bordered by 
low, nearly flat, rocky areas, and bounded by irregular shorelines, which 
make it look like a drowned river valley or an ordinary estuary (PI. 1, 
fig. 2). The lower end of The Key contains shallow water, and the ex- 
tension of its valley has not been traced far along the bottom of Georgian 
Bay. 

At the east end of Key Inlet, a small lake (Portage Lake) receives the 
waters of Key River. Key River occupies a valley connecting the general 
line of Key Inlet with that of the great east-west stretch of the upper 
Pickerel River east of Lost Channel. 

The diabase dikes which are found along The Key seem to have no 
influence beyond that of other rocks in controlling the position and 
shape of the inlet. 

Geologic contacts cross The Key without apparent displacement. In 
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general there seems to be no topographic or geologic indication that The 
Key is due to a fault. 

Henvey Inlet-—Henvey Inlet is less regular in shape than The Key, 
but, like The Key, it changes from a relatively narrow gash with steep 
walls at the upper (eastern) end into a low-shored embayment at its 
outlet (Pl. 1, fig. 2). The steep walls of the eastern end follow strong 
jointing. 

Byng Inlet—Byng Inlet runs nearly straight east for a distance of 
7 miles. The western half of the inlet is, for the most part, deep and 
narrow, in places less than 200 feet wide, although deep enough to harbor 
the large lake ships. The walls are generally rather low and rocky, with 
small stretches of sandy land here and there. Near its eastern end, Byng 
Inlet receives the waters of Still River, which at that place is flowing 
from the North. However, for 9 miles, Still River flows nearly straight 
west, apparently prolonging the great east-west valley of Noganosh Lake, 
from which it flows. Where the Canadian National Railroad crosses Still 
River, the gorge of the river is nearly straight for many hundred feet, 
very narrow, over 100 feet deep, bounded by precipitous walls, and affords 
a striking example of an east-west gorge typical of the district. Still River 
valley may be the eastern continuation of Byng Inlet offset by a fault. 
Bell® reported a crush breccia at the head of Byng Inlet, but the present 
writer could not find the exposures he reported. Diabase dikes, bedding, 
or jointing do not seem to have controlled the shape of Byng Inlet, and the 
influence of faulting has been, at best, quite local. Byng Inlet appears 
to be nearly independent of structural control. 

The other inlets add little to the understanding of the nature of these 
channels, and they are not described here. 

Theories of origin——Several theories have been proposed regarding the 
origin of these curious valleys. The contributions of other writers, as 
summarized by Pegrum,® are presented herewith: 


Bell™ pointed out many times the association of dykes and oe ye of river 
valley. a later publication he™ cites several examples such as Key, Henvey, 
and Byng inlets on Georgian bay. He also gives wenn J _— as an example. 
Collins “ describing the linear valleys of the Bway ys: “Bell suggested 
that Onaping lake coincided with a large diabase emg or which seeded more easily 
than the granite on either side; but Marshall, who examined this locality for the 


®R. Bell: Report on geological researches north of Lake Huron and east of Lake Superior, Geol. 
Surv. Can., Rept. Prog., 1876-1877 (1878) p. 202; Report on the geology of the French River sheet, 
Ontario, Geol. Surv. Can., Ann. Rept., pt. I, vol. 9 (1898) p. 21 I. 
®R. H. Pegrum, who was associated with the writer during the seasons of 1925-1927 in field 
studies about French River and Georgian Bay. 

on the geology of the northwest coast of Lake Superior and of the Nipigon 
. Surv. Can. (1870) p. 331; (1875) p. 315; (1877) p. 15 cc.; On glacial phenomena in 
. Soc. Am., Bull., vol. 1 (1890) p. 300. 
"Pre-Paleosoie decay of crystalline rocks, Geol. Soc. Am., Bull., vol. § (1894) p. 364. 
H. Collins: Onaping map area, Ontario, Geol. Surv. Can., Mem. 95 (1917) p. 16. 


| 
| 
a | 
j 
| 


ORIGIN OF PRE-WISCONSIN DRAINAGE 283 


writer, found only a number of small dykes that extended in various directions 
and are not eroded more deeply than the granite gneiss. This explanation is 

ually inadequate to explain the other linear lakes.” He concludes: (page 18) 
“But, though no positive evidence of faulting was discovered, this explanation 
remains about the only adequate one. Whatever the cause may have been, it is 
likely that these depressions antedated glaciation.” 

It was recognized by Bell that the smaller fine-grained dykes and the fine-grained 
borders of the larger dykes were more resistant to erosion than the coarse phases 
of the same rock. He states”: “In a typical section of this part of the river (Mat- 
tagami) we find that the central portion of the dyke is coarsely crystalline and 
more deeply eroded than at the sides and that it has given rise to the main channel 
of the stream. The gneiss has been altered and shattered for some distance from 
the walls of the dyke, and this has also suffered decay and erosion and now forms 
a parallel channel on either side of the central one. Between them the finer grained, 
hard and undecayed greenstone constituting the outer portions of the dyke rises 
up in the shape of ridges and chains of islands so that the river flows as a main 
central channel more or less separated from the smaller lateral ones.” 

Wilson ™ describes many linear valleys in his report on the Lake Timiskaming 
region. He concludes: (p. 39) “On the whole the evidence probably favours the 
hypothesis that the trend of the valleys has been determined by planes of faulting 
or deformation. The large number of valleys and the manner in which they inter- 
sect one another are features which are remarkably similar to those characteristic 
of fault planes in a region which has been subjected to faulting of a block type.” 
Although he arrives at this conclusion he states: (p. 38) “Up to the present time 
the actual fault plane has been found along only one of all the linear valleys of 
the Timiskaming region, namely Cobalt lake.” In his study of the Paleozoic rocks 
of that area Hume” showed that Lake Timiskaming lies along a fault which hae a 
displacement as much as 1000 feet. 

Hobbs” described post-glacial faulting in the French River region and to this he 
ascribes, in part, the direction of the river channels. Some of the features which 
have exercised control he admits are pre-glacial. The only evidence he gives for 
faulting is the lack of glacial polish on certain of the scarp faces in the river valleys. 
This is undoubtedly true, but these faces have been eroded back since glacial times 
by the breaking off of joint blocks which still remain at the base of the cliffs. In 
such instances the absence of glacial polish is to be expected and forms no evidence 


of faulting. 

In conclusion, certain things seem fairly clear to the present writer, 
in spite of the confusion of many details. 

The divides near French River, between these nearly parallel channels, 
are almost level. Near Georgian Bay the banks are low and continue 
under water as very gradually sloping surfaces of bedrock, and the 
channels are nearly or quite independent of the influence of joinings. 
Near Georgian Bay, these channels look like a partly drowned drainage 
system in extreme old age, which had outgrown the influence of under- 
lying structures. Farther east these same channels are sunk below the 
level of the plain in precipitous canyons, which characteristically follow 
the jointing or bedding of the rocks. Where the plain rises in elevation 
the canyons tend to be deeper. One might conclude that these channels 
are the remains of a drainage system on the old plain. When the plain 


%3R. Bell: Pre-Paleozoic decay of crystalline rocks, Geol. Soc. Am., Bull., vol. 5 (1894) p. 364. 

4M. E. Wilson: Timiskaming County, Quebec, Geol. Surv. Can., Mem. 103 (1918) 197 pages. . 

3G. 8. Hume: The Paleozoic outlier of Lake Timiskaming, Ontario and Quebec, Geol. Surv. Can., 
Mem. 145 (1925) p. 48. 

16W. H. Hobbs: Post-glacial faulting in the #rench River district of Ontario, Am. Jour. Sci., 
Sth ser., vol. 1 (1921) p. 507. 
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was tilted into its present or some similar attitude, the drainage in part 
forsook the old channels, giving rise to new consequent streams, and in 
part was rejuvenated wherever the land rose in reference to lake level. 
But the old channels were preserved from further erosion, or even sub- 
jected to filling with sediments, wherever the level was lowered. The 
eastern parts of the channels have been abandoned or rejuvenated, and 
the western parts, those now at or below the level of Georgian Bay, have 
been preserved from alteration by erosion. 


EFFECTS OF REPEATED TILTINGS 


Tilting took place since the Nipissing-Great Lakes stage, but inasmuch 
as all these channels show the effects of transverse glaciation, they must 
antedate that incident, at least in part. However, it is certain that some 
of their down-cutting took place then and later. Repeated Pleistocene 
glaciations almost surely caused repeated variations in the elevation of 
the pre-Cambrian shield, and such repeated tiltings would cause repeated 
re-adjustments of the older drainage systems. Consequently, the history 
of the rejuvenated channels (for the most part, straight) must be too 
complicated for understanding from the meagre data available. 


TRACES OF PRE-BEEKMANTOWN DRAINAGE 


The unaltered channels are more promising. They now lie near and 
below the level of Georgian Bay. They extend toward the submerged 
plain which reaches to the so-called Niagara escarpment at Cabot Head, 
60 miles to the southwest of Key Harbour. This escarpment itself is a 
feature of physiographic youth, and marks the boundary between a region 
in youth from one in extreme old age, if one may disregard the presence 
of the glacial deposits. The persistence of the remains of an “old age” 
drainage system on a plain of erosion so close to the edge of the Paleo- 
zoic rocks, leads the writer to conclude that the drainage system occupies 
valleys which were made before the local Paleozoic rocks were deposited 
—that is to say, the channels independent of structural or glacial control 
are pre-Beekmantown in age, supposing that the pre-Beekmantown 
streams flowed on a nearly featureless plain of erosion, at base level. But 
the channels which follow the joints, bedding, diabase dikes, faults, edges 
of plutonic intrusions, and other local rather than regional influences 
show post-Beekmantown influences. Probably the more persistent of 
these influences at the present are the more recent, those of Pleistocene 
and later dates. 
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EFFECTS OF NIPISSING-GREAT LAKES DISCHARGE 


The Nipissing-Great Lakes discharge did not alter the channels in 
bedrock very much, probably because the waters must have been rela- 
tively clear. Certainly it did not make the great east-west channels which 
are beyond its drainage line, and it could not have made those valleys 
which show the effects of glaciation. 

In gpite of the apparently small effects of the Nipissing-Great Lakes 
overflow, its waters must have gone through some of the French River 
channels, and a study of the waterways about the northeastern part of 
Georgian Bay should start with the tracing of the Nipissing drainage. 
The best line of attack seems to be to start at the Nipissing stage beach 
at North Bay and work thence toward Georgian Bay.*" 


EFFECTS OF PLEISTOCENE EROSION 


Pleistocene drainage history previous to Wisconsin glaciation may be 
indicated in part by the position of potholes. The top of a pothole indi- 
cates the level of the bed of the stream in which the pothole started. 
There are many potholes along the French River channels, which are 
partly cut away by glaciation, but which indicate, nevertheless, the 
difference in level between the present stream bottom and that in which 
they were formed (in some cases this must be considerably over 50 feet, 
as, for instance, in the case of the giant potholes of Key Inlet). This 
provides some measure of downward cutting in the channel previous to 
the last glaciation. The mapping and measuring of many such differences 
in level might lead to some understanding of the Pleistocene history of 
the drainage. 

Such large potholes as those exposed along the walls of Pickerel River 
valley probably record the sites of ancient falls and rapids. Their wide- 
spread distribution suggests that they were formed by various streams or 
by some stream which progressively changed the location of its channel. 
If the Niagara escarpment in early Pleistocene times had stood near Key 
Harbour, the drainage south of the escarpment would probably have 
flowed down the dip slope to the south; the drainage north of Key Har- 
bour would then have run southwestward toward the escarpment, and 
would have escaped either to the northwest or to the southeast in a stream 
which would erode its way through the basement of the Paleozoic rocks 
down the slope of the pre-Beekmantown surface. Presumably those 
waters must have escaped to the east, and as they must have been 
joined by the overflow from various great lakes farther northwest, their 


17 The publication of this paper was postponed by the writer, in the hope of finding opportunity 
to do this field work during the season of 1935. This project has had to be abandoned for the 
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volume must have been great. Thus it is possible that in early Pleisto- 
cene times there was a large drainage system skirting part of the Paleozoic 
escarpment. This drainage system would suffer severely from each 
glacial invasion, which would strip back some of the outcropping edge 
of the Paleozoic rocks, expose more of the pre-Beekmantown surface, and 
leave the drainage line farther south at each successive interglacial epi- 
sode. After repeated glaciations had driven the escarpment to the position 
where the drainage was ponded into Georgian Bay or its earlier equiva- 
lent, the great stream was, of course, no longer in that place and the 
development of potholes ceased. It is also highly probable that many 
of the great east-west channels, including that of French River and the 
inlets farther south, were cut, in part at least, by these interglacial over- 
flows. As the escarpment was worked southwestward, down the slope 
of the pre-Cambrian rock surface, waters would be ponded here and there 
along the escarpment and escape by overflow northward to the older 
channels, until newer channels farther down the slope could be developed 
along lines of special weakness, such as those dependent upon jointing. 
The abrupt deepening of certain of these channels and the presence of 
potholes in the sides of these channels and on the divides between them, 
may be explained as due to these interglacial streams and their occasional 
overflow from one channel to another. In any case, the tops of the large 
potholes seem to record approximately the pre-Beekmantown surface. 


REMNANTS OF PALEOZOIC LIMESTONE 


Near Georgian Bay, on the headland south of the central outlet of 
Naiscoot River, small remnants of limestone have been found in depres- 
sions among glaciated outcrops of gneiss. The rocks on the headland are 
bare. The bedrock is well-bedded gneiss containing rut-like depressions 
in biotitic layers. Intervening feldspathic bands are glaciated, but some 
of the biotitic layers are capped with thin patches of greenish-gray lime- 
stone, a few square feet in area, which have a solution-pitted surface. 
Under microscopic examination the limestone seems to contain no fossils; 
otherwise, it has the appearance of a Paleozoic rock. The writer considers 
the rutted surface of the gneisses to be a surface of pre-Beekmantown 
erosion and the limestone to be the base of the Paleozoic series in this 
locality. It follows that the estuary-like forms of the streams at about 
the same level are likewise of pre-Beekmantown development. 


REMAINS OF OIL IN PEGMATITE 


An unusual indication of Pleistocene or Recent stripping of the Paleo- 
zoic rocks from the older erosion surface is afforded by the presence of 
oil and its alteration products in a pegmatite dike near Byng Inlet. This 
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pegmatite crops out near the sandy deposits about the present discharge 
of Still River, previously concluded to be deposits made during the 
Nipissing-Great Lakes stage. It lies also very close to the level of those 
channels which look like drowned valleys, and about 10 miles northeast 
of the limestone remnants near Naiscoot Outlet. According to Spence,** 
the pegmatite contains pseudomorphs of thucholite after uraninite, in 
addition to tarry material and pale-yellow oil. . It is possible that the 
oil is of magmatic origin, but that does not seem so probable to the writer 
as that it has seeped into the pegmatite from Paleozoic rocks above. 
Some of the tarry globules in the pegmatite have little marcasite or pyrite 
crystals upon them. It is supposed that the formation of thucholite has 
been accomplished by the polymerization of the natural hydrocarbons 
by the radioactivity of the uraninite. From physiographic indications, the 
writer believes that the pegmatite lies in a part of the area which was 
stripped of the remnants of its Paleozoic coverings during early Glacial 
times. If the oil seeped into the fracture zones in the pegmatite, and 
penetrated the cleavage cracks in the feldspars during the interval be- 
tween early Beekmantown and Pleistocene times, adequate time seems to 
be provided for the conversion of oil into thucholite pseudomorphs after 
uraninite, and for the change of oil into tarry globules on which very 
small crystals of pyrite have grown. The writer believes that the presence 
of oil with thucholite in this pegmatite indicates a rather recent removal 
of the original petroliferous rocks, perhaps by glacial stripping, and this 
belief confirms his conclusion that parts of the present bed-rock surfaces 
near the discharges of French River are actually exhumed pre-Beekman- 
town features. 
CONCLUSION 


Thus, the present peculiarly confused drainage near French River 
reveals traces of drainage lines developed on a nearly base-leveled pre- 
Beekmantown surface. These are preserved only on that part which has 
been stripped of overlying Paleozoic rocks by Pleistocene erosion. The 
peculiar east-west channels are due, in large measure, to the influence 
of joints during the escape of Pleistocene glacial and interglacial waters. 
Other watercourses are localized by the structure of underlying bedded 
gneisses, by lines of intrusive contacts, and by diabase dikes. In well- 
bedded gneisses, joints have been very effective, although unimportant in 
areas of intrusive rock. 
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18 Hugh 8. Spence: A remarkable occurrence of thucholite and oil in a pegmatite dike, Parry 
Sound district, Ontario, Am. Mineral., vol. 15 (1930) p. 499-520. 
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INTRODUCTION 


The older interpretations of the Pleistocene history of New York and 
New Jersey have been made upon what seems to be the tacit assumption 
that sea level remained stationary while the land rose and sank. It has 
become clear, and has been pointed out by numerous writers of recent 
years, that the first part of this assumption is untenable, for the accumu- 
lation of continental ice sheets must have withdrawn enough water from 
the oceans to have appreciably lowered sea level. Estimates of this low- 
ering have been made, ranging from a few score to more than 300 feet; 
the most recent and careful one being that of Antevs,? as 262-305 feet. 
Daly,? for purposes of discussion, uses 262 feet as a conservative figure 
of the lowering at the maximum of the last glaciation. Roughly, the same 
amount of lowering would have taken place at the maximum of the three 
earlier major glaciations also—the Nebraskan, the Kansan, and the 
Illinoian. 

However, movements of the land must not be entirely ignored. There 
is a great deal of evidence to show that in Wisconsin time the weight of 
the ice depressed the land differentially. Upon the retreat of the ice, 
sea level rose and flooded the land. The land, in turn, rose, having re- 
covered from the depression, and the sea withdrew. Abandoned shore 


1 Ernst Antevs: The Last Glaciation, Am. Geog. Soc., Research Ser., no. 17 (1928)' p. 83. 
2R. A. Daly: Swinging sea level of the Ice Age, Geol. Soc. Am., Bull., vol. 40 (1929) p. 721. 
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lines of this late glacial sea can be seen, ranging from several hundred 
feet above present sea level in northern New England and the St. Law- 
rence River to only a few feet above sea level in southern New England. 
In addition, various minor post-glacial oscillations have been noted in 
New England. Any movement of the land caused by the ice in the New 
York City-New Jersey region would probably have been very slight, 
and there is no evidence of any such movement south of the “hinge line” 
near New York City. 

A third factor to be considered is the diastrophic movement of the land 
independent of any effect of the ice. Such movement, while undoubtedly 
playing a part in the history of the Pleistocene, seems relatively insignifi- 
cant in the late Pleistocene history of the New York—New Jersey area. 
However, it might well be considered in a study of older Pleistocene for- 
mations, particularly south of the moraine. Therefore, until it can 
definitely be shown that the land moved, marine Pleistocene formations, 
now found near or above present sea level in the vicinity of New York 
City or southward, are best interpreted as interglacial rather than post- 
glacial in age. 


GLACIAL DEPOSITS OF NEW JERSEY AND LONG ISLAND 


The current classification of the glacial deposits of the Mississippi 
Valley region is as follows: 


Mankato drift 
Cary drift 
Wisconsin glacial Tazewell drift 
Towan loess 
Iowan drift 
Sangamon interglacial 
Tllinoian glacial 
Yarmouth interglacial 
Kansan glacial 
Aftonian interglacial 
Nebraskan glacial 


Beyond the borders of the Wisconsin drift, Iowan and Tazewell loess 
together comprise the Peorian loess. Leighton* has shown that, since 
there was no weathering of the Iowan loess before Tazewell drift was 
deposited on it, the older concept of a Peorian interglacial interval of 
considerable duration must be abandoned. The evidence, however, is 
not at hand to say how much deglaciation took place at this time, and 
until this question can be answered, one cannot tell whether or not sea 


3M. M. Leighton: Peorian loess and the classification of the Glacial Drift sheets of the Mississippi 
Valley, Jour. Geol., vol. 39 (1931) p. 45. 
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level was high or low. But from analogy with the other intra-Wisconsin 
episodes, it seems best to consider it a time of reduction and shifting of 
ice sheets rather than one of major deglaciation such as took place in 
the earlier interglacial intervals. 

In New Jersey, Wisconsin drift is seen in the moraine which crosses the 
State from Perth Amboy to Belvidere. South of this moraine lie dis- 
continuous patches of the older Jerseyan drift. This older drift was 
first thought to be of Nebraskan age, later of Kansan age, and most 
recently of partly Kansan and partly Illinoian age. On Long Island, 
Wisconsin drift makes up the morainic system of the backbone of the 
island. Underlying the Wisconsin moraine, there are older deposits, 
the correlations of which are still controversial. The details of correlation 
will be considered later. 


ATLANTIC COASTAL TERRACES 


South of the drift sheets, the Pleistocene formations are composed of 
gravel, sand, silt, and clay. They range from a few to a score or more 
feet in thickness, and lie unconformably on the unconsolidated Tertiary 
sediments of the Coastal Plain. At many places, these deposits form 
topographic terraces, with what is taken as a low wave-cut bluff or beach 
ridge at the landward margin. So characteristic is the terrace aspect 
that the formations are frequently spoken of as terraces. A series of 
these terrace remnants range from 25 to 270 feet above sea level and 
possibly higher. The higher ones are largely discontinuous and patchy, 
the lower ones are fairly continuous broad stretches of flat country, 
30 to 50 miles wide. They become very much more conspicuous south 
of New Jersey. The higher ones are considerably eroded by streams; 
the lower ones are only slightly affected by surface erosion. The higher 
ones, likewise, are deeply weathered and completely leached; the lower 
ones are weathered to profiles approximately commensurate with those 
in the same kind of material of Wisconsin glacial age. However, the 
process of dating or correlating the terrace by the amount of erosion or 
weathering is too complicated yet to be reliable. 

The lowest terrace (shore line at 25 feet) contains marine fossils. The 
higher ones, so far as observation has gone, contain only a few terrestrial 
and fluvial species. Opinion at present differs as to whether these upper 
terraces are marine in origin and have lost their fossils through leaching, 
or are non-marine in origin. 

Recently, Antevs® has suggested that the Pleistocene terrace forma- 


4 Frank Leverett: Glacial deposits outside the terminal moraine in Pennsylvania, Pa. Topog. Geol. 
Surv., Bull. G-7 (1934). 

S Ernst Antevs: op. cit., p. 88-89; Quaternary marine terraces in non-glaciated regions and changes 
of level of sea and land, Am. Jour. Sci., 5th ser., vol. 17 (1929) p. 35-39. 
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tions are of marine origin and date from the interglacial stages, for, 
according to the glacial control hypothesis, the glacial stages were times 
of low sea level, and, conversely, the interglacial stages were times of 
high sea level. 

Cooke,® following the same general principle (glacial control), inde- 
pendently arrived at a somewhat similar correlation, although it is 
largely concerned with the terraces to the south of New Jersey. 


Table 1 embodies his most recent interpretation: * 


Tas._e 1.—Correlation of terraces in southeastern United States 


Approximate 
altitude of 
strand line —_— Glacial and Earlier 
interglacial stages name 
feet meters 
? ? Erosion Wisconsin glacial stage 
25 8 Pamlico Peorian interglacial 
Talbot 
? Erosion Iowan glacial stage 
42 13 Talbot 
70 21 Penholoway Sangamon interglacial 
Wicomico 
100 30 Wicomico 
? z Erosion Illinoian glacial stage 
170 52 Sunderland 
Yarmouth interglacial Sunderland 
215 66 Coharie 
? ? Erosion Kansas glacial stage 
270 82 Brandywine Aftonian interglacial stage Lafayette 
? ? Erosion Nebraskan glacial stage 


®C. Wythe Cooke: Correlation of coastal terraces, Jour. Geol., vol. 38 (1980) p. 577-589; Seven 


coastal terraces in the Southeastern States, Wash. Acad. Sci., Jour., vol. 21 (1931) p. 503-513. 


7C. Wythe Cooke: Tentative ages of Pleistocene shore lines, Wash. Acad. Sci., Jour., vol. 25 


(1935) p. 331-333. 
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Campbell* and Wentworth,® although accepting the marine origin of 
the lower terraces (up to 100 feet elevation), hold that the higher ones 
are wholly or largely of fluvial origin. 

Attempts have been made at various times to correlate the three Pleis- 
tocene deposits of New Jersey (Bridgeton, Pensauken, and Cape May) 
with the terrace formations farther south. However, no completely sat- 
isfactory correlation has been realized. The various southern terraces 
cannot readily be traced north into New Jersey, although the lowest one 
(Pamlico) appears to be identical with the fossiliferous part of the Cape 
May. 

One striking feature of the Cape May formation in New Jersey is the 
apparent horizontality of its marine phase. Both Cooke and Antevs cite 
this and similar horizontality of terraces south of New Jersey as evidence 
of the marine origin of the formations during glacial control of sea level. 

The absolute horizontality of these terraces is not entirely proven, 
according to Johnson’®; paleontological evidence, however, favors the 
horizontality of the lowest terrace (25 feet), the Pamlico (= Cape May), 
since marine fossils suggesting mild climate are found as high as 25 feet 
—and not above—from New Jersey to Florida. Leverett*? believes that 
the lowest terrace in Florida (the Pensacola) is tilted downward toward 
the west, occurring along the east coast of the State at an elevation of 
about 40 feet, and on the west coast at about 25 feet. Cooke’? believes 
that Leverett has overlooked the 25-foot terrace on the east coast and 
has correlated the next to the lowest terrace there at 40 feet (Talbot) 
with the lowest 25-foot (Pamlico) terrace of the west coast. Whether the 
Pensacola terrace in Florida be tilted in an east-west direction or not, 
the bulk of the evidence favors horizontality in a north-south direction 
of the 25-foot terrace, or at least no appreciable tilting. Data on the 
higher terraces are not as conclusive, but, again, the bulk of the evidence 
as published favors horizontality, or no appreciable tilting. 

Since a study of the higher terraces lies beyond the scope of this paper, 
they are discussed only in this summary fashion to give the reader 
perspective. 


® Marius R. Campbell: Alluvial fan of the Potomac River, Geol. Soc. Am., Bull., vol. 42 (1931) 
Pp. 825-852. 

®C. K. Wentworth: Sand and gravel resources of the Coastal Plain of Virginia, Va. Geol. Surv., 
Bull. 32 (1930) p. 36. 

2 Douglas Johnson: Reconnaissance survey of former shore lines along the Atlantic and East 
Gulf coasts, Carnegie Inst. Wash., Yearbook, no. 31 (1932) p. 345-346; Principles of marine level 
correlation, Geog. Rev., vol. 22 (1932) p. 294-298. 

1 Frank Leverett: The Pensacola terrace and associated beaches and bars in Florida, Fla. Geol. 
Surv., Bull. 7 (1931) p. 9-17, 26-30. 

322C. Wythe Cooke: Seven coastal terraces in the Southeastern States, Wash. Acad. Sci., Jour., 
vol. 21 (1981) p. 512 
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PLEISTOCENE FORMATIONS OF NEW JERSEY 
GENERAL STATEMENT 


The non-glacial Pleistocene deposits of New Jersey consist of gravel, 
sand, and some clay deposited largely by rivers on land but partly in 
estuaries or in the sea. Because of differences in the amount of weathering 
and in topographic position, three formations—the Bridgeton, the Pen- 
sauken, and the Cape May—were recognized by Salisbury and his fellow 
workers. In addition, there has been recognized an earlier, Beacon Hill 
formation, which is considered to be of Pliocene age, or, at least, pre- 
glacial. These formations are said to be separated from each other by q 
episodes of erosion. Salisbury correlated the three formations with | 
three of the glacial stages, because of erratic boulders. As will appear | 
later, the evidence is open to other interpretations. | 
| 


BRIDGETON FORMATION 

Description and Distribution—Lewis and Kiimmel** summarize the 
Bridgeton formation as follows: 

The Bridgeton formation is essentially gravel and sand, ranging in thickness up 
to 30 feet, the materials having been derived from the Beacon Hill, Cohansey (Mio- 
cene), Kirkwood (Miocene), and various Cretaceous, Triassic, Paleozoic, and crys- i 
talline pre-Cambrian formations. The material from the crystallines and the Tri- 
assic is almost invariably friable and crumbles readily.* Some boulders are so large i 
and of such character as hardly to have reached their position without the aid of 
floating ice. The formation occurs as outliers capping hills and divides and is man- 
ifestly only a remnant of an ancient deposit formed in large part by rivers. 


The formation is best developed in southern New Jersey. It varies in 
altitude from as low as 36 feet (near Bridgeton) to 160 and 200 feet in 
other places. The origin of the formation, according to Salisbury and 
Knapp,” is largely terrestrial, though “part of what now remains may 
be marine or estuarine and part of what has been removed may also have 
been.” They state that much of the formation (the Glassboro phase) 
seems to be an outwash from an early glaciation. They mention other 
evidences of glacial origin and then add: : 

This general view does not in itself preclude the hypothesis that the land may 
have stood somewhat lower than now in the Bridgeton epoch or during some part 
of it, low enough perhaps to have permitted marine deposits within the area of 


the present land. But paleontological evidence or marine deposits of this epoch, 
within the area of the state, is wanting.” 


18 J, Volney Lewis and Henry B. Kiimmel: The geology of New Jersey, N. J. Geol. Surv., Bull. 14 
(1915) p. 76. 

14 Recent work has disclosed many approximately fresh acid boulders. 

%R. D. Salisbury and G. N. Knapp: The Quaternary formations of th 
Geol. Surv., vol. 8 (1917) p. 18. : 

18 Op. cit., p. 20. 
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Stephenson,” Cooke,’* Shattuck’® working south of New Jersey on 
formations supposedly equivalent to the Bridgeton, believe that these are 
largely of marine origin, although no marine fossils have been found. 


Correlation—The Bridgeton has been correlated in general with the 
Sunderland of Maryland and farther south, now divided by Cooke into 
two phases or terraces: the Coharie, at 215 feet elevation, and the 
Sunderland, at 170 feet. 

PENSAUKEN FORMATION 


Interval of erosion—After the deposition of the Bridgeton formation, conditions in 
the southern part of the state changed so that erosion succeeded deposition. The 
southwestern part of the state at least, seems to have been somewhat higher than 
during the Bridgeton epoch, possibly a little higher than now during at least a part 
of the interval of erosion.” 


Since the offshore profile, out to the probable glacial shore line, is 
shown on the United States Coast and Geodetic Survey charts to be 
steeper than the profiles of the streams on the present land, the latter 
would be rejuvenated during a period of low sea level, which, according 
to the glacial control hypothesis, would correspond to one of the glacial 
stages. 


Description —“After the development of broad valley-plains of erosion, 
conditions became such as to cause deposition upon them and these depos- 
its constitute the Pensauken Formation.” ** | The formation is chiefly 
gravel and sand, although it locally contains beds of clay. It ranges in 
thickness from 0 to +50 feet. It is not always possible to separate the 
Pensauken from the Bridgeton on purely lithologic grounds, but it always 
occurs at lower levels (65 to 180 feet) when the two are in proximity. 

Salisbury and Knapp favor the belief that the Pensauken is largely 
of fluvial or sub-aerial origin, though it may have a marine phase near 
the coast. According to the glacial control hypothesis, the Pensauken 
is largely of interglacial age and probably partly of marine origin.” 
Strock** also favors a marine origin for the part of the formation near 
Philadelphia. More recently, in view of the lack of marine fossils and 
because of the structure of the formation, its topographic position, and 
the presence of black chert which increases in quantity northward and 


17L. W. Stephenson: Quaternary formations in Coastal Plain of North Carolina, N. C. Geol. and 
Econ. Surv., vol. 3 (1912) p. 272. 

18C. Wythe Cooke: The Coastal Plain in Physical geography of Georgia, Ga. Geol. Surv., Bull. 42 
(1925) p. 40. 

1G. B. Shattuck et al.: The Pliocene and Pleistocene deposits of Maryland, Md. Geol. Surv. 
(1906) p. 67, 137. 

2 R. D. Salisbury and G. D. Knapp: op. cit., p. 68. 

21 Op. cit., p. 69. 

22 Ernst Antevs: Quaternary terraces in non-glaciated regions and changes of level of sea and land, 
Am. Jour. Sci., 5th ser., vol. 17 (1929) p. 37. 

% Lester Strock: A study of the Pensauken formation, Wagner Free Inst. Sci., Bull., no. 4 
(1929) p. 3-10. 
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northwestward, Campbell and Bascom* favor a fluvial origin for the 
Pensauken. They consider it to be the flood-plain deposit of an ancestral 
river formed by the union of an extended Hudson and the ancient Dela- 
ware, which they are convinced occupied a course across northern New 
Jersey approximately to the site of New Brunswick. These two rivers 
are postulated to have been diverted into their present courses by the 
Jerseyan glacial invasion. It follows, according to this hypothesis, that 
the Pensauken is pre-Jerseyan in age. 


Current View—Salisbury and Knapp, in their brilliant work on the 
Quaternary gravels of the New Jersey Coastal Plain, have so well an- 
alyzed the evidence and so convincingly presented the case that few con- 
troversial points remain to be discussed. However, as new data appear 
it becomes necessary to restudy the earlier interpretations in the light of 
new evidence. 

The finding of a warm-water fauna in the marine phase of the Cape 
May formation, and of a warm-climate flora in the terrestrial Pensauken 
formation are two definite facts which bring into question the earlier 
interpretation that these formations were contemporaneous with glacial 
episodes of the Pleistocene; and justify an attempt to so interpret the 
earlier views that they may be more useful in the present discussion. 

The State of New Jersey has undergone peneplanation several times. 
Gravel mantles are characteristic of the planated portions of peneplains; 
i.e., the broad, graded valley floors. Upon rejuvenation, the gravel- and 
sand-strewn tracts are characteristically trenched by the invigorated 
streams. But on the other hand, the gravel and sand mantle, where not 
subject to the erosion of a permanent stream, acts as a resistant durable 
formation. As a result, the former interflood-plain tracts, unprotected 
by the porous capping, if composed of rock which is not too resistant, are 
eroded to a lower level than the former valley bottoms, which are pro- 
tected by the gravel and sand mantle; and an inversion of the topography 
takes place. The graded lowlands of one cycle, consequently, become 
the gravel-capped hills and terraces of the succeeding cycle. However, 
as erosion proceeds the gravel capping is gradually eroded along its 
marginal slopes, and its material incorporated, along with new material 
from the hinterland, in flood-plain deposits formed when the drainage 
comes to grade at a slightly lower level. Further rejuvenation would then 
repeat the sequence of events in the inversion of the topography, leaving 
two sets of gravel-capped uplands and terraces. If the process were 
repeated a third time there would result three sets; and so on. 


24 Marius Campbell and Florence Bascom: Origin and structure of the Pensauken gravel, Am. Jour. 
Sci., 5th ser., vol. 26 (1933) p. 300-318. 
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It is to be noted, however, that graded streams have a slope seaward 
so that the gravel and sand deposits would gradually rise inland, and, 
consequently, the remnants of such deposits after erosion would likewise 
be found at higher and higher elevations away from the mouths of the 
rivers. Furthermore, since tributary streams decline toward the main 
streams, the gravel remnants would be found to rise, likewise, away from 
the main drainage lines. 

It becomes evident that the sequence of events as thus outlined would 
give rise to a multitude of gravel-topped uplands and terraces whose 
elevations alone did not express their chronologic relationships. 

Furthermore, if sea level should be drawn down temporarily, the earlier 
deposits would be trenched and also left above grade by topographic in- 
version, but, when sea level again rose, younger material would be de- 
posited up to the level of the older deposits. 

Although Salisbury and Knapp recognized the principles suggested 
above, and applied them in a casual way to the eastern coastal occur- 
rences of gravel, they did not refer to them in the discussion of the 
deposits of the great Amboy-Salem trench area. Although, also, they 
very frankly recognized the extreme difficulty of correlating individual 
deposits of gravel, nevertheless, they considered the evidence strong 
enough to divide the older gravels into two formations deserving of 
names: the Bridgeton and the Pensauken. 

Several occurrences of Pensauken type of gravel are known to lie in 
valleys distinctly lower than the levels of most of the formation. These 
valleys could have been cut during a short episode of rejuvenated land, 
before the deposition of the Pensauken gravels which not only filled them 
but spread more widely over the valley flats below which they were 
incised. In this case, the deposition of gravel would, of necessity, be an 
episode in itself, distinct from the episode of planation and that of 
incision. Or the deeper valleys may have been cut after deposition of the 
gravels on the broader surfaces and then filled with gravel reworked from 
the older formation. Since a separate episode of gravel deposition calls 
for special conditions, the latter hypothesis seems to be the simpler of 
the two. 

A third possibility should be considered. In view of the fact that melt- 
water of the earlier glaciation crossed this area, deposits of this episode 
should be present. They would obviously be deeply weathered and 
partly, or largely, reworked, so that their identification would be difficult. 
If gravel deposition were in progress both before and after the glaciation, 
it is likely that glacial gravels would be present within a series of non- 
glacial gravels. Erratic material, such as large boulders or slabs of 
soft shale, may have been transported by glacial waters or have been 
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reworked from such meltwater deposits and shifted a short distance into 
younger deposits. 

As a consequence of these considerations, it seems legitimate to con- 
sider the older gravels either as one formation with many and complex 
parts at different levels, or as a series of many formations. In this series 
there were more important and less important episodes of gravel deposi- 
tion. This is the view which seems best to the writers and is very little 
different from that of Salisbury and Knapp, if one may judge from the 
text of their reports. However, this interpretation relieves the student 
from the necessity of fitting all the deposits which he finds into the two- 
fold classification. 


Relation to Jerseyan Drift—The presence of large erratics here and 
there, as well as accumulations of slabs of soft material such as Bruns- 
wick shale, in the Pensauken, led Salisbury and Knapp to consider it 
to be a glacial outwash deposit, probably of Jerseyan age. The erratics 
were considered to have been transported to their present localities while 
frozen in blocks of glacial ice. It, however, seems equally plausible to 
account for the erratics by having them transported to their present posi- 
tion by non-glacial river ice.** Material is thus transported down the 
Delaware Valley today, even as far as Cape May, where large blocks of 
river ice have frequently been seen floating out to sea. 

In the vicinity of Somerville, both west and northwest, Jerseyan drift 
overlies sandy gravel (Pl. 1, fig. 2) which Salisbury ?* considered to be 
Pensauken. The till is typical of the Jerseyan drift of the Triassic area in 
being dark red-brown in color and having a very clayey matrix derived, 
without doubt, from the underlying and nearby Brunswick shale. The 
sand and gravel, however, differ from typical Pensauken of other locali- 
ties in having a considerable content of angular stones, as well as many 
igneous pebbles which seem to be no more weathered than similar mate- 
rial in the overlying till. Question rises as to whether or not the sand and 
gravel here are not outwash of Jerseyan age, subsequently overridden by 
Jerseyan ice. If, on the other hand, the gravel were Pensauken, the pres- 
ence of so many partly weathered igneous pebbles might be because the 
deposit was protected from weathering by the blanket of dense till on top. 
It appears, therefore, that this occurrence is inconclusive, for the gravel 
here might either be pre-glacial Pensauken or outwash formed during 
the advance of the Jerseyan ice. In either case, it is old, for there has 
been an inversion of the topography since its deposition, as it now rests 
on top of a flat-topped hill. 

%C. K. Wentworth: Striated cobbles in southern States, Geol. Soc. Am., Bull., vol. 39 (1928) 
p. 941-954, 


%R. D. Salisbury: Surface geology, Report of Progress, N. J. Geol. Surv., Rept. for 1893 
(1894) p. 83. 
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Since the actual contact between the old till and the Pensauken gravel 
in all places thus far discovered is inconclusive in dating the latter, the 
glacial age rests solely upon deductions concerning transported erratics. 
As discussed later, the presence of a warm-climate flora in Pensauken 
gravel casts grave doubts on considering it to be of glacial age. There 
is, also, the possibility that what has been called Pensauken is of more 
than one age—. e., that part of it is interglacial and part of it glacial. 
As pointed out earlier, glacial drainage doubtless crossed the area, but 
the flora, on the other hand, shows interglacial conditions. From the 
evidence at hand, therefore, a considerable part of the gravel may well 
be looked upon as of interglacial age, probably pre-Jerseyan. 

Paleontology.—Many years ago, some fossil freshwater mussels were 
obtained from a clay deposit at Fish House, Camden County, New Jersey. 
At one time they were thought to be of Cretaceous age,’ but later their 


Pleistocene age was recognized.”* 
More recently the Fish House deposits have been placed in the Pen- 


sauken. 


At Fish House and Delair extensive excavations have shown a heavy bed of black 
clay, overlain by gravel of Pensauken type, quite like that at low levels in Phila- 
delphia. The clay contains Unio shells.” 

Only the top part of the clay is visible today, and no fossils could be 


found. 
Woolman” gives the following section at Fish House: 


Feet 
Heavy gravel with large pebbles.. 1.5 
Black and blue clay.............. 5.5  Unios near base of bed; 
plants throughout bed. 
Light sand and gravel............ 3. 


Height of section 33.0 feet; top of section 44 feet above tide. 


27 Robert P. Whitfield: Unionidae from the clays at Fish House, Camden County in Brachiopoda 
and Lamellibranchiata of the Raritan clays and greensand marls of New Jersey, . J. Geol. Surv., 
Paleont., vol. 1 (1886) p. 243-252. 

8H. A. Pilsbry: Geology of the mussel-bearing clays of Fish House, New Jersey, Philadelphia 
Acad. Nat. Sci., Pr., vol. 48 (1896) p. 566-570. 

2” R. D. Salisbury and G. N. Knapp: op. cit., p. 104. 

% Lewis Wolman: Stratigraphy of the Fish House black clay and associated gravels, N. J. Geol. 
Surv., Rept. for 1896 (1897) p. 246. 
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Pilsbry** believed that the fossils were laid down in a slough or ox-bow 
of an ancient Delaware River. He says that the fauna is similar in gen- 
eral character to that of the sloughs of the Mississippi River today. 

The following mollusks were recorded from the locality. 


Unio subrotundoides Lea Unio radiatoides Lea 

Unio rectoides Whitfield Unio nasutoides Lea 

Unio praeanodontoides Whitfield Unio cariosoides Lea 

Unio ligamentinoides Lea Unio roanokoides Lea 

Unio alatoides Lea Anodonta corpulentoides Lea 
Unio humerosoides Lea Anodonta grandioides Lea 


All twelve of the species were said to be extinct; four (U. humerosoides 
Lea, U. nasutoides Lea, U. radiatoides Lea, and U. cariosoides Lea) were 
said to resemble species now living in the Delaware River. The others 
were said to be related to St. Lawrence and especially to Mississippi 
Valley species. 

Ortmann* does not agree that the western specimens are affinities of 
these mussels. He points out that the species have been identified mainly 
from casts; he shows that plaster casts of the inside of specimens of the 
living species with which the Fish House ones have been correlated, show 
no resemblance whatever to the Fish House casts. He concludes that the 
number of species should be reduced to three or four and that there is 
no western affinity. 

Baker* accepts this interpretation and says: 

It seems evident that the fauna does not represent a recent migration from the 
west, but [is] an indigenous fauna, probably of long occupancy, modified by time 
and related intimately to the present fauna of the Atlantic drainage. 


Berry™ studied the plant remains from Fish House and regards them 
as late Pleistocene. He remarks: 

In the judgment of the writer the fossiliferous stratum, at least, is not older than 
the last interglacial and the probability is strong, though unverified, that it is post- 
glacial in age. 


The following genera were found: 


Betula (Birch) Acer (Maple) 
Pinus (Pine) Tilia dubia (Basswood) 
Quercus (Oak) Nyssa biflora (Gum) 


31H. A. Pilsbry: op. cit., p. 568. : 

824, E. Ortmann: The Alleghenian Divide and its influence upon the freshwater fauna, Am. Phil. 
Soc., Pr., vol. 52 (1913) p. 380. 

88 Frank C. Baker: The life of the Pleistocene or Glacial Period, as recorded in the deposits 
laid down by the great ice sheets, Univ. Ill., Bull., vol. 17, no. 41 (1920) p. 206. 

% Edward W. Berry: Additions to the Pleistocene flora of New Jersey, Torreya, vol. 10 (1910) 
p. 261-267. 
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Recently, Berry and Hawkins ** report a flora from the Pensauken in 
Middlesex County, New Jersey. The flora suggests that in Middlesex 
County at the time that the plants were growing the climate was some- 
what more genial than it is at present. The character of the flora, there- 
fore, indicates either pre-glacial or interglacial climatic conditions. The 
plant evidence seems to favor the second alternative. Most of the species 
found are alluvial-valley and stream-margin types or of the wet-wood- 
lands type, which would tend to confirm the evidence that the formation 
is of fluvial origin. 

It was suggested in a previous paper** that diatoms from wells at 
Wildwood, between depths of 78 and 180 feet, said by Woolman * to be 
overlain by the Cape May formation, represented a marine phase of the 
Pensauken. A further study has convinced the writers that these diatoms 
are at the base of the Cape May, deposited in an ancient Delaware estuary 
(p. 311). 

Diatoms considered by Strock ** to be derived from the Pensauken, 
are also referred to the Cape May. 


Age and Correlation—On Long Island, Fuller®® correlated the Pen- 
sauken with the Jameco. Since the Jameco is most probably of glacial 
origin (p. 319) and the Pensauken is largely of interglacial origin, this 
correlation does not appear tenable in the light of present evidence. 

There seems to be no formation on Long Island that is the exact equiva- 
lent of the Pensauken. Since the Pensauken is most probably early 
Pleistocene, its equivalent on Long Island would have been overridden 
by at least two glaciations (Jameco and Wisconsin), and it is highly 
probable that any deposit of Pensauken age on Long Island would have 
been completed eroded. South of the moraine in southern New Jersey, 
where the Pensauken is best developed, there has been no opportunity 
for glacial erosion. 

Farther south, the Pensauken has been correlated, at least in part, 
with the Wicomico formation of Maryland.*° Cooke* has divided the 
Wicomico into two terraces: an upper, for which he retains the name 
Wicomico, at 100 feet elevation; and a lower, Penholoway, at 70 feet. He 


85 Edward W. Berry and A. C. Hawkins: Flora of the Pensauken formation, Geol. Soc. Am., Bull., 


vol. 46 (1935) p. 245-252. 
86 Horace G. Richards: Marine fossils from New Jersey indicating a mild interglacial stage, Am. 


Phil. Soc., Pr., vol. 72 (1933) p. 205. 
87 Lewis Woolman: Fossil llusks and diat from the Dismal Swamp, Virginia and North 


Carolina; indications of the geological age of the deposit, Philadelphia Acad. Nat. Sci., Pr., vol. 50 
(1898) p. 425-427; Artesian and other bored wells, and also dug wells in southern New Jersey, N. J. 
Geol. Surv., Rept. for 1898 (1899) p. 119-120. 


%8 Lester Strock: op. cit., p. 9. 
39M. L. Fuller: The geology of Long Island, U. 8. Geol. Surv., Prof. Pap. 82 (1914) p. 223. 


“G. B. Shattuck et al.: op. cit., p. 92. 
41C. Wythe Cooke: Seven coasial terraces in the Southeastern States, Wash. Acad. Sci., Jour., 


vol. 21 (1981) p. 508-509. 
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regards these terraces as of marine origin, and dating from interglacial 
stages. 

Campbell*? has recently described an alluvial fan laid down by the 
Potomac River, extending from the vicinity of Washington, D. C., to the 
mouth of the Rappahannock River. The older interpretation, and one 
still held by many geologists, is that this gravel and sand is of marine 
origin and was deposited when the land was some 300 feet lower in respect 
to sea level. According to Campbell and Bascom,** it seems highly 
probable that this alluvial fan was formed at the same time that the 
Pensauken gravel was deposited in New Jersey and Pennsylvania—that 
is, in pre-Jerseyan time. In other words, Campbell does not recognize 
any Pleistocene marine terraces above the 100-foot level. 

Leverett** considers the Wicomico to be post-Illinoian in age; hence, 
not to be correlated with the Pensauken of the older classifications. 
Daly* suggests a correlation of the Wicomico with the 30-meter terrace 
of South Africa and the 30-meter Tyrrhenian terrace of the Mediter- 
ranean region, both of which carry a warm interglacial fauna. He would 
refer this to the Mindel-Riss, Yarmouth, long interglacial epoch. How- 
ever, until Leverett’s field evidence is met, this suggested correlation 
must be held in abeyance. 

The striking discordance between the coastal terrace formations of 
New Jersey and those farther south has always been a puzzling problem. 
One possible solution is presented in Daly’s idea of a marginal super- 
elevated tract, or crustal bulge, which was pushed up by deep flow of 
material, away from the tract heavily loaded by the ice cap. The sinking 
of the marginal bulge was long delayed after the waning of the ice sheet, 
regaining its former stand only later in late-glacial, or even in post- 
glacial, time. The difficulty of applying this idea to the New Jersey 
terraces is that, since they seem to be truly interglacial, the bulge should 
not have been present during the major part of the time of their forma- 
tion. However, it may have been the cause of more instability in the 
New Jersey area than in the area farther south. Consequently, the fluc- 
tuating strand lines of New Jersey may account for the poor development 
of terraces. 

JERSEYAN DRIFT 

Distribution—In 1915, Lewis and Kiimmel said: 


a drift, both stratified and unstratified, greatly antedating the moraines of 
the last, or Wisconsin, stage of glaciation, occurs in discontinuous patches south 


42M. R. Campbell: op. cit., p. 825-852. 
«M. R. Campbell and Florence Bascom: op. cit., p. 317. 
“ Frank Leverett: Glacial deposits outside the terminal moraine in Pennsylvania, Pa. Topog. Geog. 
Surv., Bull. G-7 (1934) p. 32. 
4 R. A. Daly: The changing world of the Ice Age, Yale Univ. Press (1934) p. 180. 
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Ficure 1.—Distribution of the marine formations of Cape May-Pamlico age 
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of the latter to a maximum distance of 23 or 24 miles. In the highlands, it is 
thicker and more continuous in the wider valleys than on the ridges, while on the 

ic (Piedmont) plain, it caps isolated and somewhat flat-topped hills in relations 
that indicate prolonged erosion since its deposition. 

The great age of at least some portions of this drift is indicated by the fact that 
since it was formed, the main streams have sunk their channels 100 feet and have 
opened wide valleys on extremely gentle gradients. The complete oxidation and 
leaching that it has undergone and the disintegration of even large boulders of gneiss 
and granite deep within its mass are often evidences of great age. It is believed 
to be equivalent in age to one of the early drifts of the Mississippi Valley, not 
——. aly the Nebraskan (sub-Aftonian), but on this point there is no definite 
evidence. 


Division of the Early Drift—Leverett*’? in 1928 referred part of the 
Jerseyan to the Illinoian and part to an older drift, probably the Kansan. 
He found the latter to overlie gravel considered to be Pensauken by Salis- 
bury and Kiimmel. In a later paper, he amplified his discussion.** There 
seems to be good evidence of an Illinoian and an older drift in Pennsyl- 
vania, and fairly good evidence for the subdivision in New Jersey. 
Leverett found that in New Jersey the Illinoian drift in several places 
contains limestone pebbles below a depth of 12 feet, whereas the older 
drift is entirely leached, even where exposed to depths of 20 and 25 feet. 
Furthermore, the Illinoian drift occupies valleys down to at least present 
drainage levels, whereas the older drift is found only on inter-stream 
uplands. Moreover, the Illinoian drift shows glacial topography, though, 
of course, it is very subdued compared with that of Wisconsin age. 

Outwash of Illinoian age has not been recognized in New Jersey. 
However, since the valleys had been cut to about their present depth 
before its deposition, it may well be present but not yet differentiated 
from Wisconsin material. 

CAPE MAY FORMATION 


General Statement.—After the deposition of the older gravels, there 
was a period of erosion. During this period, much of these gravels was 
removed and the remainder somewhat dissected. After this episode of 
erosion, there followed one of deposition, during which the Cape May 
formation, of Salisbury, was formed. According to Salisbury and 
Knapp,” “during this epoch of deposition, the southern part of the state 
seems to have stood a few feet (30 to 50) lower than now. This was 
doubtless one cause of deposition, but not the only one. . . . The deposits 
of this epoch affected not only the coastal lands and the lowlands of the 
main valleys, but they were made in essentially all the valleys of the 
southern part of the state, even those parts which were far from the 


46 J, V. Lewis and H. B. Kiimmel: op. cit., p. 78-74. 

47 Frank Leverett: Results of glacial investigations in Pennsylvania and New Jersey, Geol. Soc. Am., 
Bull., vol. 39 (1928) p. 151. 

4 Frank Leverett: Glacial deposits outside the terminal moraine in Pennsylvania, Pa. Topog. Geog. 
Surv., Bull. G-7 (1934) p. 78. 

4#9R. D. Salisbury and G. N. Knapp: op. cit., p. 162. 
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coast and at elevations far above sea level.” These latter deposits are 
undoubtedly of fluviatile origin; they are found up to 50 or more feet 
above sea level. 

Submergence of the coastal part of New Jersey in Cape May time was 
demonstrated by the presence of marine fossils near the present shore 
line.*° 

Salisbury and Knapp held that the deposition of the Cape May forma- 
tion was contemporaneous with the last (Wisconsin) glaciation. They 
believed that the estuarine terraces along Delaware Bay were continuous 
with terraces of glacial material along the Delaware River above Trenton 
and that these were part of the outwash from the terminal moraine of 
the Wisconsin ice sheet near Belvidere, New Jersey. 

But later, Lewis and Kiimmel state that, while there is no sharp line 
between the stratified drift of the Delaware Valley and the Cape May 
formation, the latter contains much less glacially derived material, being 
composed chiefly of material from the Cretaceous and older non-glacial 
Pleistocene formations. 

Antevs,** however, points out that, since part of the formation was 
formed in the sea, and since, at the climax of the last glaciation, sea level 
was considerably lower than now (Antevs says 300 feet), and the land 
consequently extended some 80 miles beyond the modern New Jersey 
shore line, the formation cannot well date from this stage. He further 
calls attention to the fact that the few fossil remains then known suggest 
a climate at least as genial as that of today, and that the formation 
must, consequently, have been laid down during an interglacial stage, 
almost surely the last. 

The junior author’? recently described a large mild-water fauna of 
104 species from the Cape May formation. The material was largely 
obtained when certain marshes along the New Jersey coast were filled 
with the material secured by hydraulic dredging from the waterways 
back of the coastal islands, from depths of 35 to 55 feet below sea level. 
The sand thus pumped to the surface contained many shells, crab claws, 
sea urchin spines, and other forms. Many of the species thus uncovered 
do not inhabit the waters of New Jersey today, but live in warmer water, 
farther south. 

The fauna thus revealed most probably was derived from the Cape 
May formation, which underlies the coastal portion of New Jersey. On 


58 G. H. Cook: Geology of the County of Cape May, State of New Jersey, N. J. Geol. Surv. 
(1857) p. 26-29. 
G. B. Shattuck et al.: The Pliocene and Pleistocene deposits of Maryland, Md. Geol. Surv. 
(1906) p. 144. 
51 Ernst Antevs: The last glaciation, Am. Geog. Soc., Research Ser., no. 17 (1928) p. 83-93. 
82 Horace G. Richards: op. cit., p. 181-214. 
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top of the Cape May formation, at the bottom of these waterways, there 
is a recent deposit, of unknown thickness, which would also be encoun- 
tered in hydraulic dredging; so the fauna is slightly mixed. However, since 
so many of the species indicate warmer water than that along New Jersey 
coast today, the writers believe that the majority of the specimens were 
derived from the Cape May formation, and that this warm fauna sup- 
ports the interpretation that the formation is of interglacial age. 

The New Jersey faunal material suggests a variation in climate 
during the interglacial stage.** The fossils from the deeper excavations 
suggest a warmer climate than that existing today; those in the upper 
(younger) part indicate a climate similar to that of today. This is con- 
sistent with the view that the Cape May formation was laid down during 
an interglacial stage, and the presence of the colder-water fossils in the 
upper part may indicate that the climate was becoming colder, due to 
approaching glaciation. 


Subdivision of the Cape May.—Fuller suggests that the Cape May is 
divisible into two terraces: a higher one, at 40 to 60 feet, on the borders 
of Raritan Bay, along the New Jersey coast, and in the open Delaware 
Valley; and a lower one, at 20 feet, in the same localities. The lower 
one, he thinks, rises upstream in the Delaware Valley, rising above the 
higher one beyond Trenton.** He considers this lower terrace to have 
two phases: the valley phase and the marine phase; the former being 
contemporaneous with the last Wisconsin glaciation, and the latter of 
a somewhat earlier stage. As the higher terrace contains fresh granites, 
he correlates it with the Manhasset formation of Long Island. 

The present writers, after giving careful consideration to the evidence 
in the field, find some support of Fuller’s interpretation but would modify 
his conclusions in certain important respects. In Cape May County, 
the Cape May formation stands no higher than 20 feet above sea level. 
It is composed of horizontally stratified sand and gravel. The latter 
is composed of well-rounded quartz, quartzite, and chert pebbles up to 
one inch in diameter. Rounded blocks and boulders of quartzite are 
found, as at Dennisville. They are all of the same kind of quartzite 
and resemble that formed by local cementation of the Miocene formations 
of the coastal plain. They are all wind-pitted. No igneous material 
was found, even after long and careful search. Farther north, at Port 
Elizabeth along Maurice River, a shell-bed of Pleistocene fossils was 
seen, 8 feet above mean tide. Progressing northward up the Delaware 
Valley, one finds the first notable occurrence of igneous material at 
Penns Grove, in west-central Salem County. Here, a gravel pit in 


58 Op. cit., p. 207. 
5M. L. Fuller: op. cit., p. 222, fig. 205. 
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the riverward part of the broad low terrace contains large numbers of 
erratics, some of which are a foot or more across. An estimate here gave 
about 10 to 15 per cent of erratic material, the rest being quartz and 
chert pebbles. The deposit seems to be a gravel channel within the 
valley train. East of Salem, pits in the same terraces show only 1 to 3 per 
cent material that might be considered as glacially derived. Beyond 
Camden, the glacially derived material (“Delaware Valley material,” 
of Salisbury) seems to increase in proportion to the locally derived 
material (“the eastern material,” of Salisbury). But the proportion of 
the two kinds of material varies greatly; one pit may show considerable 
glacially derived material, whereas another one nearby and at the same 
level may contain very little. The “Trenton gravels” at Trenton contain 
a very considerable proportion of quartz and chert materials which seem 
not to have come down the Delaware Valley, for the outwash terraces 
above Trenton do not contain so large a proportion of them. 

Salisbury’s interpretation of the Cape May material is that the glacial 
waters, descending the valley, were augmented by drainage from the 
local streams that contributed the local material. Question rises as to 
whether this mechanism would produce conditions as they are found. 
There is considerable evidence to show that, when glacial drainage began 
to aggrade the Delaware Valley, it so deposited sediment across the 
mouths of the tributary streams as to check their current and cause them 
to deposit their local loads in their own valleys, rather than to contribute 
this material to the glacial drainage of the Delaware. The low gradients 
of the “eastern” streams favor such slack-water deposition. But, since 
the gravels at, and below, Trenton are so largely composed of “eastern” 
material, some explanation is necessary. If there had been present in 
the Delaware Valley a deposit of “eastern” gravel before Wisconsin 
glacial time, it seems entirely possible that the glacial waters might have 
so cut into this material as to produce the mixture of glacial and “east- 
ern” material that is found in the present deposits. If the pre-Wisconsin 
material were present in the valley as terraces (a likely condition under 
the present interpretation), the scarp face would have been undercut 
easily by the glacial Delaware, and the material of the terrace would 
have been mixed with the glacial material. It seems, then, entirely 
possible to produce the effects now seen, by having a pre-Wisconsin 
gravel deposit (Cape May) present in the Delaware Valley, a part of 
which got re-worked and incorporated in the outwash in the Delaware 
Valley during Wisconsin time. 

Salisbury®* reports gravels “which underlie the glacial gravels about 


5S R. D. Salisbury: The glacial geology of New Jersey, N. J. Geol. Surv., Final Rept. State Geol., 
vol. 5 (1902) p. 715. 


3 
of 
= f 
iJ 
’ 
| 


PLEISTOCENE FORMATIONS OF NEW JERSEY 309 


Trenton, are possibly in some cases remnants of the Pensauken at low 
levels, but more of them are probably river gravels derived from the 
Pensauken or older formations, and deposited by streams after the 
original deposition of the Pensauken, and before the last glacial epoch.” 

This interpretation would be somewhat similar to that of Fuller, in 
having a glacial and a non-glacial phase, but it would place the latter 
as entirely pre-Wisconsin. It would satisfy the requirements of the 
paleontologic evidence as well as those of the glacial control hypothesis, 
but would mean that the name “Cape May” should be confined to the 
pre-Wisconsin formations. 

If Leverett’s interpretation of the two-fold nature of the older drift 
be accepted, there was Illinoian outwash present in the Delaware valley. 
During post-Illinoian time this outwash may well have been re-worked 
and re-deposited along with locally derived gravel to form an interglacial 
deposit having the characters of the interglacial Cape May. } 

Leverett °° found that the Illinoian valley train at the mouth of the 
Susquehanna Valley stands approximately at the same level as the 
Wicomico terrace. He recognizes, further, that the Wicomico contains 
notably more material which might be glacially derived, than does the 
Sunderland. Likewise, the Wicomico is eroded to about the same amount 
as the remnants of the Illinoian valley train in Susquehanna Valley, 
while the Sunderland is eroded perceptibly more. He realizes that glacial 
time was one of low sea level, and so considers the Wicomico to be a 
derivative from the Illinoian drift, but dating from the succeeding inter- 
glacial stage. This correlation, if accepted, would render the earlier 
correlation of Wicomico with Pensauken untenable, for the Pensauken 
is doubtless older than Illinoian.** 

This, likewise, raises the question of the relation of the Wicomico 
and the Cape May. If the Wicomico is post-Illinoian, it seems most 
appropriately assigned to the Sangamon interglacial interval of high 
sea level. On the other hand, if the Cape May is pre-Wisconsin, it, 
likewise, should be referred to the Sangamon, unless the Peorian should 
eventually prove to be an epoch of major deglaciation. Here is the 
impasse, for it seems difficult to assign the low, fossiliferous, and slightly 
eroded Cape May to the same age as the higher, leached, and much- 
eroded Wicomico. Furthermore, the lower terrace (Pamlico), from 
Maryland, south, both physically and faunally is much more like the 
Cape May than is the Wicomico. The bulge idea of Daly, previously 
discussed, may give a clue to the solution of this problem, but the details 
of its application remain to be worked out. 


% Frank Leverett: Glacial deposits outside the terminal moraine in Pennsylvania, Pa. Topog. Geog. 
Surv., Bull. G-7 (1934) p. 33. 
& G. B. Shattuck et al.: op. cit., p. 92. 
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Extent of the marine phase.—Most of the fossil localities in the Cape 
May formation lie close to the present shore line. The faunas of these 
deposits usually indicate marine conditions—that is, normal seawater 
salinity. Those deposits which lie farther back from the coast usually 
are near an estuary or river and are largely made up of brackish water 
species, such as Venus mercernaria and Ostrea virginica. The marine 
part of the Cape May has been traced up the Delaware as far as Swedes- 
boro and Westville,°* and the presence of marine diatoms in the clays 
of the Cape May formation in Philadelphia * suggest that brackish 
conditions may have existed as far up the Delaware as Philadelphia. 
The finding of a cypress swamp in subway excavations in Philadelphia,” 
at about the same depth as a mixture of freshwater and marine diatoms,” 
suggests that Philadelphia may have been near the margin of the marine 
invasion. 

The fauna from the deeper dredgings in the Cape May formation indi- 
cates a warmer climate, together with ocean salinity and a depth of 
water of at least 20 or 30 feet. Species such as Mangilia cerina (Kurtz 
and Stimpson), Eulima intermedia Cantraine, Cardita borealis (Conrad), 
Astarte castanea (Say), Divarcella quadrisulcata (d’Orbigny), and Cor- 
bula contracta Say do not live today in shallow coastal waters, and 
their presence suggests water of at least moderate depth some distance 
off shore. Therefore, although the highest record for marine fossils 
from the Cape May formation in New Jersey is only about +10 feet, 
the fossils indicate that the sea was probably more than 10 feet higher 
relative to the land than today, and probably as much as 25 feet higher. 
The various extensions of the sea seem to have been in the vicinity of 
present-day rivers or estuaries. 

Fossils from shallow depths are usually species now living in the shal- 
low coastal waters of New Jersey. This fact may be taken as an indi- 
cation that sea level was lowering, due to approaching glaciation. The 
geographical and bathymetric range of the various species from the Cape 
May formation was given in a table in an earlier paper. 


Evidence from diatoms—Woolman® records a diatom bed which 
underlies the part of New Jersey which is less than 45 feet above tide. 


58 Peter Kalm: En Resa til Norra America (Travels into North America) (1753). 
Horace G. Richards: op. cit., p. 191. 

®R. D. Salisbury and G. N. Knapp: Quaternary System in Philadelphia, U. 8. Geol. Surv., 
Atlas, folio 162 (1909). 

© Horace G. Richards: The subway tree—a record of a Pleistocene cypress swamp in Philadelphia, 
Bartonia, no. 18 (1931) p. 1-13. : 

© Lewis Woolman: Marine and freshwater diatoms and sponge spicules from the Delaware River 
clays of Philadelphia, Philadelphia Acad. Nat. Sci., Pr. (1890) p. 189-191. 

® Horace G. Richards: Marine fossils from New Jersey indicating a mild interglacial stage, Am. 
Phil. Soc., Pr., vol. 72 (1983) p. 193-196. 

® Lewis Woolman: Artesian wells in southern New Jersey, N. J. State Geol., Ann. Rept. for 1894 
(1895-a) p. 161, 
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At the shore line of southern New Jersey it averages 29 to 45 feet 
below the surface; at Absecon, 7 miles inland from Atlantic City, it is 
near tide level; at Bridgeton and Mays Landing, it is above sea level. 
He states that this bed is correlated in age with a diatomaceous deposit 
of clay underlying the portion of Philadelphia having an elevation of 
25 to 40 feet, containing freshwater and marine diatoms. Later, Wool- 
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Ficure 2—Diagrammatic NE-SW section along the southern New si coast 
Based on Woolman’s well logs. 


man “ refers this bed to the Cape May formation, in the Philadelphia 
area at least, overlying the non-fossiliferous Pensauken gravels. 

The accompanying diagram (Fig. 2), based on Woolman’s study of 
numerous wells, shows the extent and thickness of the fossiliferous por- 
tion of the Cape May formation. Woolman® also records mollusks 
from this bed. This evidence of a fossiliferous Cape May formation 
agrees with the evidence given by the mollusks obtained from the hy- 
draulic fills. 

Under the fossiliferous Cape May, particularly in the southern part 
of the State, there is a thick deposit of non-fossiliferous sand and gravel 
of Pleistocene and Pliocene age; below this lies the Miocene. 

In the vicinity of Wildwood there is a rich diatomaceous deposit 
between the depths of 78 and 180 feet. The deposit contains remains 
of both freshwater and marine species; it is especially characterized 
by the presence of Polymyrus coronalis, a form found at the mouths of 
rivers in South America.** This bed appeared to be distinct from the 
diatom bed above (about 29 to 46 feet), and Woolman® thought it 


¢ Lewis Woolman: Artesian and other bored wells, and also dug wells in southern New Jersey, 
N. J. State Geol., Ann. Rept. for 1898 (1899) p. 119-120. 

6 Lewis Woolman: Artesian wells, N. J. State Geol., Ann. Rept. for 1902 (1903) p. 86. 

® Charles 8. Boyer: A diat deposit from an artesian well at Wildwood, New Jersey, 
Torrey Bot. Club, Bull., vol. 22 (1895) p. 245-252, 

® Lewis Woolman: Artesian and other bored wells, and also dug wells in southern New Jersey, 
N. J. State Geol., Ann. Rept. for 1898 (1899) p. 119-120. 
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lay below the Cape May formation. In an earlier paper, this was 
interpreted to mean Pensauken. 

A further study of these well logs has demonstrated no marked uncon- 
formity between these two diatom beds; rather, they seem to intergrade. 
This lower bed is found only at Avalon and Wildwood. At Lewes, 
Delaware, although the bed was not 
noted, the fossiliferous deposits extend 
to a depth of about 110 feet, which 
is lower than usual. It seems better 
to refer this lower diatom bed, also, 
to the Cape May, formed in a deeper 
portion of a pre-Cape May valley 
within the present Delaware estuary. 
A similar bed, also containing Poly- 
myzxus coronalis, is found close to the 


Chesapeake at Rock Hall, Maryland.” 
Stratigraphic paleontology. — Some 
49 localities in the Cape May forma- 


Ficure 3—Ezxposure of fossiliferous tion were listed in an earlier paper,” 
— MM ~ at Port Elizabeth, and the fauna was fully discussed. 
(A) sand; (B) fossils ince the publication of this report, 
pe a number of the significant localities 
diay cand have been revisited and several addi- 
tions have been made to the fauna. 

Also, fossils have been obtained from several new localities. 

The hydraulic fill on Two Mile Beach, a few miles south of Wildwood 
(locality 31) revealed a very large fauna. To the already long list 
of 84 species has been added Pandora gouldiana Say and Callocardia 
morrhuana (Linsley). 

Material recently collected from the hydraulic fill at Sea Isle City 
(Locality 25), by William Tullner, has added Cantharus cancellaria 
Conrad,” Polinices heros Say, and Arca transversa Say. 

The locality at Lore’s Landing, Port Elizabeth, on Maurice River, 
was originally pointed out by Cook.”* It was briefly discussed in the 
earlier report by Richards, as Locality 41. The locality was revisited 
in July 1934, in the company of Meredith E. Johnson, Assistant State 


Horace G. Richards: Marine fossils from New Jersey indicating a mild interglacial stage, Am. 
Phil. Soc., Pr., vol. 72 (1933) p. 305. 
® Lewis Woolman: op. cit., p. 85, 117. 
7 Horace G. Richards: op. cit., p. 181-214. 
7 Present distribution, South Carolina to West Indies. 
7G. H. Cook: Geology of New Jersey, N. J. Geol. Surv. (1868) p. 303-304. 
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Geologist of New Jersey, and the section shown in Figure 3 was noted. 
The fossils were 5 to 8 feet above tide. In addition to the oyster, 
shells of the hard clam (Venus mercenaria Linné) were found. | 

Johnson also called the writers’ attention to oyster shells from the 
Buzby Brothers gravel pit, about a mile and a half southeast of West- 
ville, a few miles south of Camden. These shells occur at a depth of 
about 18 feet below the surface of the ground and about 2 to 3 feet below 
mean tide. 

Coman” reported a former beach, marked by low dunes, approxi- 
mately indicated by the 10-foot contour at Union Beach near Keyport. 
He reported the following fauna: 


Ostrea virginica Gmelin Venus mercenaria Linné 
Mytilus edulis Linné Mactra solidissima Dillwyn 
Modiola demissus Dillwyn Mya arenaria Linné 


Owing to erosion of the beach and the “improvement” of the region, 
it was difficult to locate the exact spot. Along the shore at Union Beach 
there was noted, in September, 1933, a 6-foot bluff that may be Coman’s 
locality. The section was as follows: 


Feet 
Cape May sand and gravel, shell fragments.................... 2 


Many borings have been made for the proposed ship canal between 
the Raritan and the Delaware rivers. Through the kindness of E. B. 
Snell, of the United States Army Engineers Corps, and V. D. Pell, con- 
sulting geologist, permission was granted to consult both the records 
and the actual boring samples. Johnson also furnished data on these 
borings. The borings struck the Cape May formation at many localities, 
but fossils were found at only two—both near Sayreville, New Jersey. 
At hole No. 27 “just north of the power house, Sayreville, opposite Crab 
Island in Raritan River,” the section is as follows: 


Feet 
Fill; loose sand, gravel and shells......... + 7Ato+ 64 
Soft clay-like mud and vegetable matter... + 64 “ —10.1] Recent and 
Soft clay-like mud and gravel............. —10.1 “ —27.6{ post-Glacial 
Very soft mud-like clay................... —276 “ —38.6 
Loose dark gray sand—broken shells...... —38.6 “ —42.3 Cape May 
Soft kaolinized rock —423 “ —460). 


The shells, Acteocina canaliculata (Say) and Ostrea virginica Gmelin, 
are from between depths —38.6 and —42.3. 


7% C. W. Coman: Geological work in the southern part of the State—Terrace formations of the 
Atlantic Coast and along the Delaware River, N. J. State Geol., Ann. Rept. for 1890 (1891) p. 129-135. 
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Nearby, at hole No. 32-F, the section was as follows: 


Feet 
Soft dark-gray clay and plant roots....... + 6.1to+ 10 Recent and 
Soft dark-gray clay and plant roots....... +10“ —90  post-Glacial 
Slightly clayey gray sand with a few grains 
of Triassic red sandstone............... — 90 “ —160 


Medium-grained dark-gray sand with 
broken shell fragments ................ 

Medium-grained speckled gray sand with 
many shell fragments .................. —270 “ —360 

Coarse-grained diabase .................. —36.0 “ —38.0 Triassic 


—160 “ May 


Fragments of Ostrea and Venus were found between depths of —26 and 
—36 feet. 

Numerous other borings near the Raritan River show a deposit of 
silt with shells, undoubtedly of post-glacial age, on top of the Cape 
May gravel. This same relationship is shown under Raritan Bay 
(Fig. 4). 

In the summer of 1934, the Raritan River was deepened, the material 
being thrown on the banks of the river at various points. On the south 
shore at the Victory Bridge connecting Perth Amboy and South Amboy, 
there was extensive fill, and many shells were obtained. Although the 
material undoubtedly contains a certain amount of post-glacial and 
recent river mud, with shells, the character of the sediment and the 
fossils suggest that dredging operations reached the Cape May forma- 
tion. The fauna as a whole suggests deeper and warmer water than that 
in Raritan Bay today; it is very similar to the fauna noted from the 
hydraulic fills at Two Mile Beach and elsewhere in Cape May County. 
The complete fauna of the Raritan fill is as follows: 


Acteocina canaliculata (Say) Arca campechiensis Gmelin 
Mangilia sp. Arca transversa Say 
Fulgur carica Gmelin Arca sp. 

Fulgur canaliculata Linné Ostrea virginica Gmelin 
Nassa obsoleta Say Pecten gibbus irradians Lamarck 
Nassa vibexr Say Anomia simplex d’Orbigny 
Nassa trivittata Say Mytilus edulis Linné 
Eupleura caudata (Say) Venus mercenaria Linné 
Urosalpinz cinerea (Say) Gemma gemma Totten 
Epitonium lineatum (Say) Macoma calcarea (Gmelin) 
Turbonilla sp. Ensis directus (Conrad) 
Crepidula fornicata Linné Tagelus gibbus (Spengler) 
Crepidula plana Say Mulinia lateralis (Say) 
Crepidula conveza Say Mya arenaria Linné 
Polinices duplicata (Say) Pholas costata Linné 


Schizopodrella unicornis (Johnson) 
Balanus sp. 
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In 1930 and 1931, test borings were made for a proposed bridge between 
Conaskonk, New Jersey, and Seguine Point, Staten Island. Through the 
kindness of Charles P. Berkey, consulting geologist for the Port of New 
York Authority, the writers have been permitted to consult the records 
and to examine the material from the borings. Figure 4 is a very gen- 
eralized diagram of the material encountered in the test borings. It is 
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Ficurz 4—Generalized cross-section from Seguine Point, Staten Island, 
to Conaskonk Point, New Jersey 


Based on borings, as numbered, made by the Port of New York Authority. 


modified from a somewhat similar diagram in a manuscript report by 
Berkey, together with a re-study of the material, including the fossils. 

The glacial drift of the Staten Island side is gravelly and bouldery. 
Below this, and extending far out under the Bay to the New Jersey 
shore, is a deposit of reddish-brown sand and gravel containing shell 
fragments in a few places; this the writers refer to the Cape May forma- 
tion, laid down during the last interglacial stage. This deposit was 
evidently trenched by the Raritan River in post-Cape May time. This 
ancient Raritan River excavated a channel 170 feet deep, cutting into 
the underlying Raritan formation (Cretaceous). 

In Wisconsin time, this valley, in all likelihood, carried glacial melt- 
water, and may have been somewhat aggraded by outwash material. 
But since no evidence of glacial gravel has been found here, it is probable 
that if any was ever deposited, it has been eroded away. Since the valley 
carried the waters of glacial Lake Passaic, this interpretation may be 
the correct one. The valley channel has subsequently been almost filled 
with post-glacial muds, which have also accumulated to a thickness 
of 10 to 15 feet over the bottom of the Bay outside the ancient channel. 

Borings on the Staten Island shore (Nos. 2 and 3) show a thin deposit 
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of sand on top of the post-glacial “channel fill”; this is interpreted as 
beach material and post-glacial wash from the moraine to the north. 
The following mollusks were identified from the post-glacial silts: 


Mulinia lateralis (Say) Yoldia limatula Say 
Nucula proxima Say Acteocina canaliculata (Say) 
Anomia simplex d’Orbigny Turbonilla sp. 


In addition, Shupack ™ records the following foraminifera from the silts 
of hole No. 4, 109 feet below sea level: 

Rotalia beccarit sobrina Shupack Elphidium brooklynense Shupack 
Elphidium florentinae Shupack Elphidium clavatum Cushman 
Elphidium gunteri Cole Elphidium incertum (Williamson) 

The Cape May sand contains only unidentifiable fragments of shells. 

Woolman * records a test boring at Fort Hancock, Sandy Hook, New 
Jersey, in which shells were found to a depth of —145 feet. The upper 
part is undoubtedly recent, but at least the portion between —125 and 
—145 feet (probably more) is Cape May. Lohman” says that diatoms 
at —135 feet, from a well at Sandy Hook, suggest the Pleistocene. 

The greater depth of the bottom of the fossiliferous Cape May forma- 
tion at Sandy Hook is suggestive of conditions near Delaware Bay, 
where the formation descends to —181 feet at Wildwood. Since the Hud- 
son and Delaware valleys were probably carved before Cape May time, 
the marine deposits of the Cape May formation would, necessarily, have 
been deposited in these valleys and would, consequently, be found at 
lower depths than elsewhere along the coast. 


Correlation with Formations to the South—The Cape May formation 
has been correlated, at least in part, with the Talbot of Maryland and 
farther south. Cooke ™ has divided the Talbot into two terraces. The 
term, Talbot, is restricted to the terrace corresponding to a shore line 
42 feet above sea level, and the term, Pamlico, is assigned to a lower 
terrace, with its shore line at 25 feet. A third terrace, the Princess Anne, 
at 12 feet, was recognized by Wentworth ** and was accepted by Cooke,”® 
who later questions its presence.*° 


% Benjamin Shupack: Some foraminifera from western Long Island and New York harbor, Am. 
Mus. Novitates, no. 787 (1934) p. 1-12. 

7% Lewis Woolman: Report on artesian wells in southern New Jersey, N. J. State Geol., Ann. Rept. 
for 1897 (1898) p. 180. 

78 Personal communication. 

77 C. Wythe Cooke: Correlation of coastal terraces, Jour. Geol., vol. 38 (1930) p. 577-589; Seven 
coastal terraces in the Southeastern States, Wash. Acad. Sci., Jour., vol. 21 (1931) p. 503-513; 
Tentative correlation of American glacial chronology with the marine time scale, Wash. Acad. Sci., 
Jour., vol. 22 (1932) p. 310-312; Tentative ages of Pleistocene shore lines, Wash. Acad. Sci., Jour., 
vol. 25 (1935) p. 331-333. 

7% C. K. Wentworth: Sand and gravel resources of the Coastal Plain of Virginia, Va. Geol. Surv., 
Bull. 32 (1930) p. 31, 81-84. 

7” C. Wythe Cooke: op cit. (1982) p. 312. 

89°C. Wythe Cooke: op. cit. (1985) p. 333. 
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In 1932, Cooke referred these terraces to sub-stages of the Wisconsin, 
but later (1935) correlated the Talbot with part of the Sangamon, and 
the Pamlico with the Peorian. If current opinion concerning the Peorian 
proves to be correct, the Pamlico would then fall into the Sangamon. 
The fossiliferous part of the Cape May is here correlated with the 
Pamlico, and both are referred to the last major interglacial stage. 


WISCONSIN GLACIAL STAGE 


Distribution—The Wisconsin terminal moraine crosses the State in 
a line through Perth Amboy, Plainfield, Summit, Morristown, Dover, 
Hackettstown, and Belvidere. South of the moraine, narrow valley 
trains characterize some of the southward drainage lines, notably Dela- 
ware Valley. The glacial geology of New Jersey has been discussed 
very thoroughly by Salisbury.*: The relations of the Wisconsin outwash 
to the Cape May have already been discussed. 

The warped shore lines of Glacial Lake Passaic indicate a differential 
elevation of the northern part of the State, of about 2 feet per mile, or 
67 feet in 30 miles, since the retreat of the Wisconsin.** No evidence of 
differential tilting south of the terminal moraine has been reported. 


Trenton Gravels and Early Man.—The Wisconsin outwash in the 
Delaware Valley train, including the so-called “Trenton Gravels,” has 
achieved fame because of the discoveries many years ago, of alleged 
ancient cultures on the Abbott Farm in Trenton.** There was a great 
deal of discussion regarding the age of the artifacts, but no conclusive 
proof of geological antiquity was presented. Three culture layers were 
distinguished: (1) black soils containing remains and relicts of the his- 
toric Delaware Indian; (2) yellow sand containing a ruder culture 
with no pottery, the so-called “Argillite Culture”; and (3) the underlying 
gravels containing chipped pebbles said to be associated with a palaeo- 
lithic culture of great antiquity. 

The third culture has been largely discredited.** The “Argillite Cul- 
ture” has been reviewed more recently by Spier,®®> who says that the 
“Trenton argillite culture implies some antiquity.” Geological data on 
the exact age of the argillite culture are still insufficient, but, since it 


81 R. D. Salisbury: The glacial geology of New Jersey, N. J. Geol. Surv., Final Rept. State Geol., 


vol. 5 (1902). 
8 J, V. Lewis and H. B. Kiimmel: op. cit., p. 121. 
83 Charles C. Abbott: Reports on the discovery of supposed Palaeolithic implements in the valley 


of the Delaware River, near Trenton, New Jersey, Peabody Mus., Rept., vol. 2 (1880) p. 30-43, 


225-257. 
Ernest Volk: The archaeology of the Delaware Valley, Peabody Mus., Papers, vol. 5 (1911). 


Leslie Spier: The Trenton Argillite Culture, Am. Mus. Nat. Hist., Anthropological Papers, 


no. 22 (1918) p. 167-226. 
8 William H. Holmes: Primitive Man in the Delaware Valley, Science, n. s., vol. 6 (1897) p. 824-829. 


8 Leslie Spier: op. cit., p. 222. 
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overlies the “Trenton Gravels,” and is in a somewhat pebbly sand, it 
seems highly probable that it dates from fairly early post-glacial time. 


Plant Fossils at Penns Grove.—At the Roberts and Warren Sand Com- 
pany pit near Friendship Station, Penns Grove, Salem County, New 
Jersey, an excellent exposure of Wisconsin outwash gravel was noted. 
Mr. Warren showed the writers some wood that had been struck some 
30 feet below the surface. Also, some 5 feet below the surface, a small 
exposure of black peat with numerous bits of wood and plant fragments 
was observed. This was both overlain and underlain by gravels; the 
latter being outwash material and the former possibly the same. These 
plant remains are probably of early post-glacial age. 

POST-GLACIAL SUBMERGENCE 

Fairchild ** postulated a post-glacial submergence of much of Long 
Island and part of the coast of northern New Jersey. Hérner,®* on the 
other hand, has found no evidence of post-glacial marine invasion south 
of Boston, and the writers have found no field evidence of post-glacial 
seas higher than the present in the New Jersey—Long Island region, 

From a study of wave-cut benches in different parts of the world, 
Daly®* came to the conclusion that sea level has fallen some 16 feet in 
comparatively recent times. This higher stand of the sea, Daly thought, 
took place during a post-glacial warm stage which terminated some 
3,000 years ago. This fall of level, he believed to be world-wide and to 
have been caused by a slight increase of the ice caps. 

However, a world-wide sinking of the sea level has been questioned by 
Johnston® and others. Hérner® says that “the reason why Daly’s 
16-foot terrace bench does not exist in Massachusetts, as far as known, 
may be its having been drowned by a greater sinking of the land.” Re- 
cently, Daly® says that he has come to doubt his earlier hypothesis— 
namely, a sinking of sea level caused by a moderate increase of the 
ice caps—and offers another possible explanation of the raised benches, 
based on dynamic considerations. 

It seems hardly likely that the amount of erosion in the Cape May, 
small though it is, would have been accomplished within the past few 


8H. L. Fairchild: Post-glacial marine submergence of Long Island, Geol. Soc. Am., Bull., vol. 28 
(1917) p. 279-308. 

8 Niles G. Horner: Late Glacial marine limit in Massachusetts, Am. Jour. Sci., 5th ser., vol. 17 
(1929) p. 123-145. 

8 R. A. Daly: A general sinking of sea level in Recent time, Nat. Acad. Sci., Pr., vol. 6 (1920) 
Pp. 246-250. 

8 W. A. Johnston: Lack of evidence on the Pacific Coast of Canada for a recent sinking of 
ocean-level, Am. Jour. Sci., 5th ser., vol. 12 (1926) p. 249-253. 
% Niles G. Hérner: op. cit., p. 143. 
1 R. A. Daly: The changing world of the Ice Age, Yale Univ. Press (1934) p. 163-164. 
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thousand years. Also, the presence of the Cape May beneath such a 
thick accumulation of post-glacial silts in the Raritan Bay section 
(Fig. 4) seems to preclude a late post-glacial dating. Farther south, in 
Virginia and North Carolina, the Pamlico (probably equivalent of the 
Cape May) is overlain by a deposit of peat and plant remains of such 
a thickness that it could hardly have accumulated since the post-glacial 
temperature maximum. Finally, the character of. the fauna, with some 
16 species now extinct as far north as New Jersey, suggests a greater 
antiquity than a few thousand years. It, therefore, seems very unlikely 
that the marine part of the Cape May formation could date from the 
“post-glacial warm stage.” 


PLEISTOCENE FORMATIONS OF STATEN ISLAND 


The geology, as shown by borings for the proposed Conaskonk—Seguine 
Point bridge, has been discussed. Material from the other Staten Island 
bridges was not available, and the records gave no further data on the 
Pleistocene geology of the region, except to show the presence of post- 
glacial silts in the present Arthur Kill valley. An old Pleistocene gravel 
occurring beneath and beyond Wisconsin till, which might well be corre- 
lated with the Pensauken of New Jersey, was described by Salisbury.*? 


PLEISTOCENE FORMATIONS OF LONG ISLAND AND MANHATTAN 
GENERAL STATEMENT 

Long Island consists of a basement of Coastal Plain sediments overlain 
by drift. Early workers recognized first one age of drift, and then two 
ages of drift separated by a period of erosion.** The lower drift was 
named the Manhasset; the erosion interval, Vineyard; and the upper 
drift, the Wisconsin. Fuller, after his intensive study, published in 
1914 a more complicated glacial succession of four glacial stages and 
three interglacial stages, as follows: 


Wisconsin —glacial (Wisconsin) 
Vineyard —interglacial 

Manhasset —glacial (Illinoian) 
Jacob —transitional 
Gardiners —interglacial 

Jameco —glacial (Kansan) 
Post-Mannetto—interglacial 

Mannetto —glacial (Nebraskan) 


While his observations and descriptions are widely accepted, his cor- 
relations and interpretations were made without reference to the glacial 


R. D. Salisbury: U. 8. Geol. Surv., Atlas, Passaic Folio, no. 157 (1908). 
% J, B. Woodworth: Pleistocene geology of portions of Nassaw County and the Borough of Queens, 
N. Y. State Mus., Bull. 48 (1901) p. 618-670. 
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control of sea level and have not passed without criticism. There has 
been a growing feeling that evidence is lacking for so complicated a 
classification. Current investigations by Wells,** reviewed by the writers 
in field conferences, point strongly to only two major episodes of glacia- 
tion, with one interglacial marine formation between. The topographic 
position and lithologic character of the Mannetto gravel has led to its 
exclusion from the glacial sequence. A very old and highly weathered 
till, possibly the age equivalent of the Jameco gravel, was found along 
the north coast of the island. On Lloyd Neck, the bluff near the western 
end of the north shore shows 15 feet of Cretaceous gravelly sand overlain 
by 3 to 4 feet of highly weathered red-brown till. Above the till, and 
descending to sea level both east and west along the exposure, lies 20 to 
50 feet of slightly weathered sand, gravel, and till. In O’Brien Brothers 
pit, 444 miles north of Roslyn, on Manhasset Neck, a similar layer of 
old weathered till lies below fresh gravel and till. On Eaton Neck, near 
the southern end of the west shore, a deposit of what appears to be an 
old till (?) lies between quartz gravel (Mannetto of Fuller **) below and 
fresh gravel above. This old till may well be the subglacial deposit of 
the glacier whose outwash formed the Jameco gravel to the south and 
may be the equivalent of the Jerseyan drift. The Gardiners clay and 
sand, which contains marine fossils of fairly warm habitat, seems beyond 
question to represent an interglacial interval of important magnitude. 
The drift above the Gardiners formation is all interpreted as belonging 
to one major glaciation with minor fluctuations. This two-fold sub- 
division of the glacial deposits differs from that of Woodworth in that 
the Manhasset is considered to be of Wisconsin age and the Jameco as 
the older glaciation. 
GARDINERS CLAY AND JACOB SAND 


General Description—The Jameco was eroded, and then the Gardiners 
clay was deposited. The deposition of the Gardiners was followed by a 
transitional period, during which the Jacob sand was laid down. Since 
in many places these two are not readily distinguishable, they will be 
discussed together. 


The Gardiners Clay consists of irregular dark-colored beds alternating with lenses 
of fine gravel and attaining, near Brooklyn, an aggregate thickness of 150 feet... . 
In western Long Island, the clays, unlike those in the localities farther east, grade 
downward through glauconitic and locally fossiliferous sand, into the Jameco ‘gravel. 
The clays, themselves, consist of a very fine silt, dark from the contained organic 
matter, and on more or less lignitized wood. Toward the east, the clays, lose 
their lignitic color, bluish tints taking its place, but they are still fossiliferous.” 


%F. G. Wells: Reconsideration of the Pleistocene geology of Long Island, Geol. Soc. Am., Pr. 
1934 (1935) p. 121-122; and personal communication. 
%M. L. Fuller: The geology of Long Island, U. 8. Geol. Surv., Prof. Pap. 82 (1914). 
% Op. cit., p. 98. 
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The Gardiners clay grades upward through intermingled clays and 
sands into fine silty sands (Jacob sands) which are occasionally fossil- 
iferous. The character of the fossils indicates a gradually decreasing 
water temperature. The fossils from the Gardiners clay indicate a 
climate similar to that prevailing in the region today; those from the 
Jacob indicate slightly colder conditions. There is no evidence of sig- 
nificant change of sea level between the deposition of the Gardiners clay 
and the deposition of the Jacob sand. 


Flora.—Fossil wood has occasionally been found at the “bottom of 
the Gardiners and the top of the Jameco.” According to Veatch,’ well 
273 (Queens County pumping station) reports lignite at 110 feet, at 
the “base of the Sankaty”’ (Gardiners) ; well 287 (Watts pumping station) 
reports wood at 95 to 118 feet, from the “base of the Sankaty.” 

Fossil wood was obtained from elevation —102 to —103 feet at Ham- 
ilton Avenue and Hicks Street, Brooklyn. According to Horace R. Blank, 
who collected the material, it is from “clay bands at the bottom of the 
Gardiner and the top of the Jameco.” 

Wood was also found at elevation —148 feet in two wells at Jones 
Beach State Park, Long Island, where it underlies clay, possibly Gardiners 
(for section see p. 326). 


Fauna.—Both Gardiners clay and Jacob sand are well exposed on 
Gardiners Island, and fossils have been found in both members there. 

Fuller® records the following section near Cherry Hill Point, at the 
west end of Gardiners Island: 


Feet 

Wisconsin: Till resting unconformably across edge of following bed...... 2 
Jacos Sanp: Sand and sandy clay in alternating layers................... 5 
Garprners Cray: Red clay with little 15 
Greenish clay with Pleistocene fauna in place................ 10 

Black clay with organic matter exposed..................... 3 


At this point,** Veatch collected Modiola sp. and Cyprina islandica 
Gmelin. 

Smith? reported the following fauna from the east end of Gardiners 
Island, near the south end of the cliffs and south of Tobacco Lot Bay. 
This was interpreted by Fuller’ to be in the Jacob sand. It has not 


7 A. C. Veatch et al.: Underground water resources of Long Island, New York, U. 8. Geol. Surv., 
Prof. Pap. 44 (1906). 

%M. L. Fuller: op. cit., p. 105-106 and fig. 77. 

Dr. Wells visited this locality in 1934 but was unable to find any fossils. (Personal communi- 
cation to H. G. Richards.) 

10 Sanderson Smith: Note on a post-Pliocene deposit on Gardiners Island, Suffolk County, New 
York, N. Y. Lyceum Soc. Nat. Hist., Ann., vol. 8 (1867) p. 149-151. 

31M. L. Fuller: op. cit., p. 113. 
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been possible to re-examine the original material; the names below are 
given as recorded by Smith, together with their probable equivalents 
according to more recent nomenclature: 


Tornatella punctostriata Adams=Acteocina canaliculata (Say) 
Bulla canaliculata Gould =Fulgur canaliculatum Linné 
Fusus decemcostatus Say =Neptunea decemcostata (Say) 
Purpura lapillus Say 

Nassa trivittata Say 

Nassa vibex Say 

Columbella lunata Sowerby 

Chemnitzia interrupta Stimpson=Turbonilla interrupta Totten 
Crepidula unguiformis Lamarck=Crepidula plana Say 
Crepidula fornicata Lamarck =Crepidula fornicata Linné 
Natica duplicata Say 

Natica heros or triseriata 


Arca transversa Say 

Arca pexata Say ? =Arca campechiensis Gmelin 
Ostrea borealis Lamarck =Ostrea virginica Gmelin 
Pecten islandicus Chemnitz =Pecten islandicus Miiller 
Pecten magellanicus Lamarck =Pecten grandis Sollander 
Cardita borealis Conrad 

Astarte sulcata Fleming =Astarte elliptica Brown 
Lucina radula Gould ? 

Venus mercenaria Linné 

Mactra lateralis Say =Mulinia lateralis (Say) 
Mya arenaria Linné 

Balanus (fragment) 


Fuller* records the following fossils collected by Veatch from the 
same locality: 


Chrysodomus pygmaeus Gould =Neptunea pygmaeus (Gould) 
Chrysodomus decemcostatus Say=Neptunea decemcostata (Say) 
Natica heros Say 

Pecten magellanicus Gmelin =Pecten grandis Sollander 
Astarte elliptica Brown 

Thracia conradi Couthuoy 

Cyprina islandica Gmelin 


The locality was visited by the writers on July 1, 1934, in the com- 
pany of M. E. Johnson. At that time the bluff showed a layer of loose 
brownish till, 10 to 20 feet thick, containing large boulders overlying 
disturbed, and in places folded and steeply dipping, beds of gravel, sand, 
silt, and clay, some of which were varved (PI. 1, fig. 1). Owing to the 
folding of this series, and to the fact that slumping had concealed part 
of the section, the precise order and thickness were not determined. It 
was agreed, however, that the reddish varved clays, about 20 feet thick, 


108 Op. cit., p. 114. 
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lay at the base of the section and that they were overlain by sand, gravel, 
silt, and clay, to a thickness of about two score feet. In one sandy silt 
layer, dipping 30 degrees toward the north, fossils were found in large 
numbers. 

The following fauna was collected: 


Ostrea virginica Gmelin Venus mercenaria Linné 
Nucula prozima Say : 

Anomia simplex d’Orbigny Neptunea stonei (Pilsbry) 
Pecten grandis Sollander Crepidula plana Say 
Yoldia sp. Nassa trivittata Say 

Mya arenaria Linné (?) Natica heros Say 

Astarte elliptica Brown Scalaria sp. 


Echinarachnius parma (Lamarck) (Sand Dollar) 


F. G. Wells? reports an outcrop of greenish-gray clay (Gardiners) 
half to three quarters of a mile west of Montauk lighthouse. K. E. 
Lohman found marine diatoms therein.’ 

Shells were reported at a depth of 60 feet in a well on Shelter Island 
(well No. 888 of Veatch’s report). 

A shell of Venus mercenaria Linné and diatoms were found in a well 
at Sag Harbor, between —275 and —295 feet. 

Fuller?** reports broken shells in the till about a quarter of a mile 
south of the north end of the bluffs on the west side of Hog Neck, three 
miles northwest of Sag Harbor. He believed that they had been derived 
from the Gardiners clay in the immediate vicinity. This locality could 
not be found in September, 1933. 

Horace R. Blank showed the writers clay with a few fragments of 
shells, from the Old Sanford brickyard on Mill Creek, west of Greenport. 

Pieces of shell in greenish clay were brought up from the depth of 100 
feet in well No. 897, Bridgehampton, Long Island. 

Gratacap’” records Arca transversa Say and Arca limula Conrad from 
a road-cutting, six miles east of Southampton, Long Island. The locality 
was said to be 8 to 10 feet below the surface and about 75 feet above 
mean high water. Gratacap interpreted them as of Tertiary (Pliocene) 
age. The specimen labeled Arca limula Conrad** is very close to 
A. ponderosa Say known from the Gardiners deposits on Nantucket. 
A. transversa Say is also common in Pleistocene deposits. It, therefore, 
appears better to interpret the shells as Gardiners material incorporated 


108 F, G. Wells: personal communication. 

10% K, E. Lohman: personal communication. 

4% Data from U. 8. Geological Survey. 

106M. L. Fuller: op. cit., p. 106. 

1 L. P. Gratacap: Tertiary fossils on Long Island, Nautilus, vol. 28 (1914) p. 85. 
208 Specimens in the American Museum of Natural History, New York, N. Y. 
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in Wisconsin drift and probably similar to the material reported near 
Sag Harbor. The locality could not be found in 1933. 

The following fauna was obtained at Westhampton Beach, Long Island, 
by F. G. Wells, and loaned through the kindness of the United States 
Geological Survey: 


Mactra solidissima Dillwyn 

Ensis directus (Conrad) Nassa trivittata Say 
Pecten grandis Sollander Fulgur sp. 

Ceronia arctata Conrad Neptunea stonet (Pilsbry) 


Astarte castanea (Say) 
Nucula cf. decussata Sowerby Echinarachnius parma (Lamarck) 


It was stated to come from a depth of about 137 feet; the well log shows 
a shell horizon between 116 and 137 feet, described as “very fine, blue, 
sandy clay, brown, medium to fine-grained sand with some black grains; 
some fragments of shell.” As indicated by its fauna and matrix, this is 
probably the Jacob sand. 

Fragments of shells (Mulinia, Astarte, and Nassa trivittata Say) and 
an echinoderm were reported at the depth of 135 feet at Quogue, Long 
Island, in well 859 of Veatch’s report. 

According to Fuller,” “fossil fragments have been found in the Jacob 
sand on Robins Island,” which lies in Peconic Bay opposite the town 
of New Suffolk, Long Island. The island was visited in October, 1933, 
and the following sections were noted some 50 yards apart, near the 
north end of the bluffs on the west side of the island (Pl. 2, fig. 1.) 


Section 1 
Feet 
Sand and a few pebbles (Herod)............. 12 
Jacos Clayey sand—few fossils .................... 5-8 
Section 2 
Feet 
ee Gravel and pebbles (Herod)................. 4 
Jacop Clayey sand with fossils; pebbly near top..... 18 


The following fossils were identified: 


Crepidula fornicata Linné Venus mercenaria Linné 
Nassa trivittata Say Arca transversa Say (var.) 
Ostrea virginica Gmelin 


10° M. L. Fuller: op. cit., p. 114. 
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Shells of the common clam (Venus mercenaria Linné) were obtained 
at the depth of 185 feet in a well at Mount Sinai School, east of Port 
Jefferson, Long Island. According to the well log, which was made avail- 
able by the United States Geological Survey, the shells were in a one- 
foot bed of red to brown clay, which lay below 39 feet of blue clay and 
above reddish sand with some gravel. This is probably the Gardiners. 

A test well, drilled in the summer of 1935, at Fire Island, Long Island, 
showed shells in sand from 0 to —54 feet.12° Possibly, these are similar 
to the Gardiners in age, but since the well is located on the barrier beach, 
it is more probable that they are much younger in age. The following 
species were recognized: 


Venus mercenaria Linné Nassa obsoleta Say 

Macira solidissima Dillwyn Nassa trivittata Say 

Mulinia lateralis (Say) Polinices heros Say 

Ensis directus Conrad Polinices duplicata Say 

Pecten gibbus irradians Lamarck Mellita quinquesperforata (Leske) 
Gemma gemma Totten =Sand Dollar 


The following species were obtained from hydraulic fill dredged from 
about —35 feet, from the waterways back of Jones Beach State Park: 


Nassa obsoleta Say Ensis directus (Conrad) 
Nassa trivittata Say Ostrea virginica Gmelin 
Polinices duplicata (Say) Callocardia morrhuana (Linsley) 
Eupleura caudata (Say) Arca campechiensis Gmelin ™ 
Urosalpinz cinerea (Say) Arca transversa Say (var.) 
Crepidula fornicata Linné Mulinia lateralis (Say) 
Crepidula plana Say Mya arenaria Linné 
Crepidula convexa Say Anomia simplex d’Orbigny 
Nucula proxzima Say 
Mytilus edulis Linné 
Venus mercenaria Linné Pecten gibbus irradians Lamarck 
Venus campechiensis Gmelin Tagelus gibbus Spengler 


Gemma gemma (Totten) 
Eupomotus dianthus (Verrill) 
Schizopodrella unicornis (Johnston) 
Acanthodesia savartii Savigny-Audouin 


Borings for various bridges near Jones Beach showed shells at about 
—30 to —40 feet, on top of a clay deposit, possibly Gardiners. The only 
identifiable species was Venus mercenaria Linné at —39 feet, at Swift 
Creek Bridge, Jones Beach State Park. 


110 Horace R. Blank: personal communication. 
141 Unusually large specimen: size 3 inches by 3 inches. 
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The upper part of the log for well No. 2 at Jones Beach showed shells 
at about —35 feet. The log is as follows: 


Feet 
Meadow grass and roots...................2.0005 — 10 
Fine to medium sand with shells................. —10 “ — 64 
Medium sand (with wood at —148 feet)......... —125 “ —173 


These shells, as well as those from the hydraulic fill, may have been 
derived from a part of the Gardiners. The clay below the shells may 
be Gardiners clay, here unfossiliferous. The overlying Wisconsin out- 
wash is thin here, and that may account for the presence of the Gardiners 
so near the surface. On the other hand, these shells, like those from the 
Fire Island well, may be much younger than the Gardiners; however, 
the general appearance of the Jones Beach fauna suggests a Pleistocene 
age. 

Well 118, 408 Ninth Avenue, Long Island City, shows the following 
section 


Feet 


Very hard layer of red sand and gravel................... a 


These shells may represent the Gardiners, either in place or of secondary 
origin. 

The Gardiners clay has been struck in numerous wells in Brooklyn, 
and occasionally fossils have been found; the clay was struck in excava- 
tions for the tunnel of the New York Board of Water Supply, the geology 
of which is to be discussed in a forthcoming paper by Horace R. Blank. 
Fossils from three shafts are in the collection at Columbia University, 
New York. The localities are: 


Feet 
15-A Fort Green Park, Brooklyn................. —55 to — 70 
16-A State and Nevins Street, Brooklyn........ .. —46“ — 675 
17-A Hamilton and Hicks Street, Brooklyn...... —91 “ —104 


The material from shaft 16-A was not in place, but represented a piece 
of the Gardiners that had been picked up and redeposited by the ice. 


13 A. C. Veatch: op. cit., p. 187. 
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Shupack 7"* has recorded the following foraminifera from Shaft 17-A, 
elevation —91 to —104 feet: 


Rotalia beccartt sobrina Shupack....... common 


Rotalia repanda (Fichtei and Moll)... .rare 
Elphidium florentinae Shupack......... common 
Elphidium gunterit Cole................ common 
Elphidium brooklynense Shupack....... abundant 
Elphidium discoidale (d’Orbigny)...... "rare 
Elphidium clavatum Cushman.......... abundant 
Elphidium incertum (Williamson)...... rare 


Dusenbury** has identified the following mollusca and crustacea: 


Ostrea virginica Gmelin Balanus crenatus Bruguiere 
Odostomia impressa (Say) Panopeus herbstit Milte Edwards 
Turbonilla interrupta (Totten) 

Scalaria humphreysii (Kiener) Bryozo6n sp. ? 


(=Epitonium sayanum (Dall) 
Triphora perversa (Linné) 

The plant remains have already been mentioned (p. 321). 

In subway excavations in Grand Street, 50 feet north of Union Avenue, 
Brooklyn, some shells were obtained in a clay deposit, at a depth of 25 
to 30 feet below the surface and about 5 feet below mean high water 
(Sandy Hook).** Nassa obsoleta Say, Ostrea virginica Gmelin, and 
Modiola cf. demissus Dillwyn were identified. Wood was found close 
by, about 10 feet below mean high water. The section was as follows: 


Feet 
Till of moraine, loam and boulders...................... 0“ 19 
Hard blue clay; few shells and occasionally wood......... 24 “ 32 


Probably the fossiliferous clay is Gardiners incorporated in Wisconsin 
till. According to Blank,?** the Gardiners clay, in the region, is usually 
found at about —90 feet. One piece of wood was identified as Brachy- 
phyllum (Cretaceous) and was obviously transported by the glacier. 

Katherine V. Palmer**” reports Venus mercenaria cf. var. antiqua 
Verrill, Nassa obsoleta (Say), and Chamaecyparis (White Cedar)? from 
excavations for the Federal Reserve Bank, Nassau, Liberty, William 
streets and Maiden Lane, Manhattan. The shells were found 60 feet 


118 Benjamin Shupack: op. cit. 

14 Arthur N, Dusenbury, Jr.: personal communication; manuscript to be published. 

15 Data from F. Stiefel, Rossoff Construction Company. 

16 Horace R. Blank: personal communication. 

117K. V. Palmer: Marine Pleistocene fossils from New York City, Science, n. s., vol. 42 (1923) 
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below high water level, in a layer of hardpan, gravel, and boulders. The 
following section was given: 


Feet 
Hardpan, sand, clay, and boulders......................... —55.5 
Hardpan, gravel, and boulders (shells)..................... —678 


These shells may well be of Gardiners age, lying under the Wisconsin 
till (hardpan, gravel, boulders). Mrs. Palmer says that “the wood has 
in places a coating of blue clay as well as flakes of mica. The shells are 
discolored by blue clay.” They may have been picked up by the Wis- 
consin ice and deposited where they were found. 

Various well records obtained from the New York City Engineer’s office 
show records of “shell” at similar depths in lower Manhattan, far enough 
from the rivers to preclude the interpretation that they are from fill of 
recent age. 

In speaking of the Pennsylvania Railroad tunnel, constructed about 
1906, Berkey says: 

The pre-glacial rock gorge is at least 300 feet deep and probably considerably 
more. ... The tunnel was driven through the river silt and mixed glacial debris 
for a distance of 6,000 feet. Most of the material is unsubstantial silt and mud. . 


On both margins of the river, the tunnel enters more substantial glacial drift and 
extends thence into sound rock.” 


Fossils were obtained from one point in this tunnel; stated to have 
been 90 feet below the bottom of the river.1** The species were as follows: 


Mytilus edulis Linné Nassa trivittata Say 

Mulinia lateralis (Say) Polinices lactea Guilding 

Arca transversa Say Odostomia impressa granitina (Dall) 
Abra aequalis Say Balanus eburneus Gould 

Crepidula fornicata Linné Panopeus herbstit Milne-Edwards 


Arbacia sp. (spine) 


Polinices lactea Guilding and Odostomia impressa var. granitina (Dall) 
are now restricted to southern waters. Abra aequalis Say, although 
reported as far north as Connecticut, is more common toward the south; 
the other species are common in the Long Island—New Jersey region 
today. This fauna, correlated with the Gardiners, because of its char- 

48 Charles P. Berkey et al.: New York City and vicinity, Int. Geol. Cong., Guidebook No. 9, 
16th sess. (1933) p. 85 and fig. 8-B. 


9 Horace G. Richards: Fossil mollusks and other invertebrates from the Hudson River Tube, 
New York and New Jersey, Nautilus, vol. 43 (1930) p. 131-132. 
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acter, shows that in addition to post-glacial river silts earlier sediments 
were penetrated. 

The exploratory borings and excavations for the Midtown Tunnel 
(1931-1935), from 39th Street, Manhattan, New York, to Weehawken, 
New Jersey, have added considerable data to the current knowledge of 
the bed of the Hudson River. Fossils have been found in many samples, 
but in practically all cases they are regarded as of .post-glacial age. The 
fauna is estuarine, similar to that living in the same latitudes today, and 
quite different from the fauna reported from the earlier tunnel, although 
in many cases the depth is about the same. 

A piece of coquina (PI. 2, fig. 2) was taken from the excavations for 
the tunnel at —70 feet in the New York caisson. The following species 
were determined: Mulinia lateralis (Say) Nassa trivittata Say. The 
presence of coquina usually indicates a fairly warm-water temperature. 
This piece of coquina is very similar to Pleistocene coquina found along 
the south Atlantic coast, the northernmost record being at Carolina 
Beach, North Carolina. It, therefore, seems best to correlate this coquina 
with the interglacial Gardiners formation, perhaps picked up by the 
(Wisconsin) ice and later redeposited with the post-glacial silts. 

It is legitimate to assume from these occurrences that Gardiners clay 
was deposited in the Hudson Valley and then trenched and glaciated and 
later post-glacial material deposited in the trench. 

Fuller,?”° quoting earlier workers on Long Island, cites numerous other 
records of fossils. Some of these fossils may be from the Gardiners in 
place; others certainly have been picked up by the ice, perhaps from 
the Gardiners, and incorporated in the drift. Redfield,’** for instance, 
records fossils in the drift from Brooklyn. Tagelus gibbus (Spengler), 
Mya arenaria Linné, and Venus arenaria Linné, collected by E. C. Red- 
field from the drift in Brooklyn, are in the Peabody Museum at New 
Haven, Connecticut. 


Age.—Fuller?”* thought that the Gardiners clay was deposited during 
the second (Yarmouth) interglacial age. The Jacob sand was thought 
to have been laid down during a transitional stage between the Yarmouth 
and the oncoming Montauk (lIllinoian) ice. If, as suggested previously, 
the Montauk drift is Wisconsin in age, the Gardiners should date from 
the interglacial stage just prior to the Wisconsin. It is possible that the 
Gardiners may represent a longer period of time than a single interglacial 


120M. L. Fuller: op. cit., p. 105. 

11 W. C. Redfield: On the remains of marine shells of existing species in the deep portion of the 
hills of drift and boulders in the heights of Brooklyn, on Long Island, near New York City, Am. 
Jour. Sci., ser. 2, vol. 5 (1848) p. 110-111. 

122M. L. Fuller: op. cit. 
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stage. Immediately below the Gardiners is the Jameco, probably of early 
Pleistocene age, and above it is the Herod gravel member of the Man- 
hasset, probably of late Pleistocene (Wisconsin) age. The Gardiners- 
Jacob may, in fact, have been deposited partly during the Yarmouth and 
partly during Sangamon times. 


Correlation to the North—According to Fuller, the Gardiners clay can 
be traced north to Fishers Island, Block Island, the Rhode Island coast 
between Watch Hill and Point Judith, the Elizabeth Islands, Martha’s 
Vineyard, Nantucket, and spots on the Massachusetts mainland. The 
Sankaty formation of Veatch is equivalent to the Gardiners of Fuller. 

The overlying Jacob sand is found on Block Island, Martha’s Vine- 
yard, Nantucket, and at Highland Light, Cape Cod. At Sankaty Head, 
Nantucket, it is highly fossiliferous,’** and, there, can be divided into 
an upper and lower layer. The lower layer contains fossils of southern 
distribution; those of the upper layer are of northern range.’** This is 
consistent with dating the Jacob sand as “transitional”; the colder fauna 
on top indicating the approaching ice. 

Correlation with New Jersey—Both the Gardiners clay and the Cape 
May formation appear to date from the interglacial stage just prior to 
the Wisconsin. The fauna of the Gardiners, as shown at Cherry Hill 
Point on Gardiners Island, Mount Sinai, Jones Beach(?), and Brooklyn, 
indicates a mild climate, similar to that prevailing in the region today. 
It is similar to that indicated by the Cape May formation of New Jersey; 
it does, however, suggest slightly cooler water than the Cape May. This 
is undoubtedly partly due to its slightly higher latitude, for even today 
the fauna of Long Island is quite different from that of southern New 
Jersey. There is a strong resemblance between the Cape May and the 
lower layer at Sankaty Head, Nantucket, which is probably at the base 
of the Jacob, resting upon Gardiners clay. 

The fauna of the Jacob sand, as shown at Tobacco Lot Bay on 
Gardiners Island, Westhampton Beach, and Robins Island, as well as 
the upper beds at Sankaty Head, Nantucket, suggest colder water than 
the Gardiners. The Jacob sand is especially characterized by the pres- 
ence of an extinct gastropod, Neptunea stonei (Pilsbry), known from 
Sankaty Head on Nantucket, Martha’s Vineyard, Tobacco Lot Bay on 
Gardiners Island, and Westhampton Beach, Long Island. 

No Jacob sand is reported from the extreme western part of Long Island, 
nor is there any similar deposit known in New Jersey. It is possible that 


123 J. A. Cushman: Pleistocene deposits of Sankaty Head, Nantucket, Nantucket Maria Mitchell 
Assoc., Pub., vol. 1, no. 1 (1906). : 
1% This locality was found to have been completely obliterated by slump in August 1932. 
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the Jacob has been eroded from western Long Island, for there has been 
considerable erosion in this part of the island; or perhaps it was never 
deposited there because falling sea level had left this part above water 


——— CAPE MAY-GARDINERS SHORE 


JACOB SHORE 


© 


CAPE MAY 


Fiaure 5—New Jersey, New York, and Connecticut shoreline 
Showing the approximate position of the Cape May-Gardiners and Jacob shores. 


(Fig. 5). Circumstantial evidence to support this latter theory is the 
presence of very worn shells of Buccinwm undatum Linné, Neptunea de- 
cemcostata (Say), and Colus gracilis DaCosta on the beaches of New 
Jersey or dredged from deep water. These shells are all of northern dis- 
tribution and are not known alive in New Jersey coastal waters. The 
extinct Neptunea stonei (Pilsbry), characteristic of the Jacob, was first 
described from the beach at Point Pleasant, New Jersey, where it was 
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said to be a fossil of unknown age.’*> It seems conceivable that these 
species belong to a part of the Jacob sand, laid down some distance off 
the present New Jersey coast, and that they are occasionally carried to 
the shore by the action of the waves and currents. 

As was suggested above, the Gardiners may be two-fold, the earlier 
part having been deposited during Yarmouth time and the later part 
during Sangamon time. In this case, only the upper member would be 
correlated with the Cape May. The faunal resemblances alone are not 
enough definitely to correlate the Gardiners with the Cape May. It is 
true that they both indicate a mild climate. Nothing is known of the 
marine fauna of the Yarmouth interglacial stage, but there is every 
reason to believe that it should be very similar to that of the Sangamon 
(Cape May). 

Therefore, while the evidence at the present time seems to suggest that 
the Manhasset is part of the Wisconsin, and, consequently, that the 
Gardiners is Sangamon instead of Yarmouth, the absolute contempo- 
raneity of the Gardiners and the Cape May is not definitely established. 
One can merely point out the faunal similarities and the stratigraphic 
evidence which suggest that at least part of the Gardiners may be cor- 
related with the Cape May. 


WISCONSIN GLACIATION 


Following the deposition of the Gardiners formation, there was an 
episode of erosion long enough to cut extensive valleys through the clay 
in the western part of the island. Then followed the Wisconsin glacia- 
tion. Wells has made a strong case for considering the Manhasset for- 
mation to be of Wisconsin age. In brief, the episodes would be ice advance 
to the Ronkonkoma moraine, recession, slight erosion, re-advance to 
Harbor Hill moraine, final recession, and erosion. The major north- 
south depressions along the north shore are looked upon as largely con- 
structional or ice-block features modified by stream erosion, partly 
between Ronkonkoma and Harbor Hill time, and partly in post-glacial 
time. The existence of the Montauk till as a stratigraphic unit is very 
questionable, and, under the suggested interpretation, what had been 
called Montauk till is, in reality, various till members within the Wis- 
consin drift. This is well shown in the Goodwin-Galligher pit north of 
Roslyn. Along the west side of the pit, the Manhasset formation contains 
in places no till from top to bottom. Elsewhere along the exposure is 
seen a layer of till; farther along there are two layers of till, and, farther 
still, there are three. The till is hard, dense, gray, and contains a few 


1% H. A. Pilsbry: A new gastropod from New Jersey, Nautilus, vol. 7 (i898) p. 67-68. 
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weathered pebbles. Fleming has independently come to the same con- 
clusion, that all post-Jacob drift is of Wisconsin age.*° 


POST-GLACIAL DEPOSITS 


In glacial time, the mouth of the Hudson River probably lay far out 
on the continental shelf. In post-glacial time, the salt water extended 
up the Hudson Valley, marine mollusks being reported as far as Storm 
King, 50 miles north of New York City.*” Fossil oysters at Croton, New 
York, probably also date from this stage. 

Post-glacial marine fossils are found below sea level in the present 
valleys, such as Hudson and Raritan. The exploratory borings and 
excavations for the Midtown Tunnel are mostly through post-glacial 
silts. A boring (No. 87) near the New Jersey bulkhead line, at a depth 
of about —108 feet, showed plant remains on top of the glacial drift under 
the river silts. 

Thomas J. Fluhr, geologist with the Port of New York Authority, re- 
ports some freshwater(?) clay on top of the glacial drift and under the 
river silts. The following marine species have been found in the river 
silts: 


Nassa obsoleta Say Macoma calcarea (Gmelin) 
Polinices duplicata (Say) Mulinia lateralis (Say) 

Eupleura caudata (Say) Mya arenaria Linné 

Fulgur canaliculata (Linné) Pecten gibbus trradians Lamarck 
Acteocina canaliculata (Say) Yoldia limatula Say 

Columbella lunata (Say) Anomia simplex d’Orbigny 


Ostrea virginica Gmelin 
Gemma gemma (Totten) 
Callocardia morrhuana (Linsley) 
Modiola demissus (Dillwyn) 
Balanus sp. 
Panopeus herbstii Milne Edwards 
Wood 


The post-glacial or recent seas may have covered the extreme margins 
of the present shore line. The following sections were furnished by 
the New York Board of Transportation. 


Fourteenth Street tunnel under the East River at Avenue B, Manhattan, 
a few blocks from the river: 


Feet 

Fine sand and shells, peat, sand, clay............... —5 

Tunnel | ows Sand —25 


226 W. L. 8. Fleming: Glacial geology of Long Island, Am. Jour. Sci., 5th ser., vol. 30 (1935) 
p. 216-238. 
1 Winifred Goldring: The Champlain Sea, N. Y. State Mus., Bull. Nos. 239-240 (1922) p. 53-94. 
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Whitehall Street tunnel at Furman Street, Brooklyn, near the East River pier: 


Feet 
Mud and shells, river mud, gravel, and boulders............. —40 


These shells are probably of post-glacial or recent age. The bedrock is 
not far below, and it seems probable that all traces of Gardiners would 
have been eroded. 

Well No. 2 (Veatch report***) at Fort Lafayette, New York, probably 
is in recent material: 


Feet 

Coarse sand and gravel with few broken shells............ 0 to 20 
Decayed marsh or meadow mud with diatomaceae and 

spiculae of sponges and shells......................... 20 “ 23 
Gravel and sand, containing many broken shells.......... 23 “ 40 
Mud, quite compact, which appears to have been a marsh 

with scanty vegetation, rather than a meadow. (In this 

formation a great number of shells were found which 

were identified as Nassa obsoleta, Anomia ephippium 

(=A. simplex), Mya arenaria, Crepidula fornicata, Solen 

ensis (Ensis directus), Mytilus edulis.................. 40 “ 53 


Test borings for the elevated express highway along the Hudson River, 
from West 22nd Street to West 38th Street, Manhattan, revealed post- 
glacial river silt with shells, sometimes as much as 100 feet thick, but 
in no case was any older Pleistocene formation encountered.?”° 

In late glacial time, Long Island Sound was undoubtedly lower than 
today, for varved clays and plant remains are found below present sea 
level.1*° With the melting of the ice, sea level rose. Knight?** has re- 
cently studied a marsh deposit at Killam’s Point, on Long Island Sound 
near Branford, Connecticut, that indicates that sea level was one or two 
feet lower than today. He records a fauna of 38 species which he regards 
as of “post-Pleistocene age.” The presence of Littorina irrorata (Say) 
now sparingly, if at all, known as far north as Long Island Sound, sug- 
gests the possibility of a milder climate; hence, a dating from the post- 
glacial temperature maximum which terminated some 3,000 years ago. 
On the other hand, the presence of L. irrorata might merely indicate more 
sheltered lagoonal conditions instead of an open cove. This interpreta- 

1A. C. Veatch: Outlines of the geology of Long Island; underground water conditions of Long 
Island, U. 8. Geol. Surv., Prof. Pap. 44 (1906). 

22 Data from Department of Public Works, City of New York. 


18 Richard F. Flint: The Glacial geology of Connecticut, Conn. Geol. Nat. Hist. Surv., Bull. 47 


(1930) p. 216-217. 
381 J, B. Knight: Littorina irrorata, a post-Pleistocene fossil in Connecticut, Am. Jour. Sci., 5th 
ser., vol. 26 (1983) p. 130-183; A salt marsh study, Am. Jour. Sci., 5th ser., vol. 28 (1984) p. 161-181. 
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tion he regards as more likely, although “the two alternatives are not 
mutually exclusive, and the acceptance of the second does not require the 


Taste 2.—Correlation of glacial and interglacial formations in Long Island 
and New Jersey 


Mississippi Valley Long Island New Jersey 
Mankato 
Wisconsin 
Cary 
Wisconsin Harbor Hill 
Tazewell Wisconsin 
Ronkonkoma 
Iowan 
Manhasset 
Sangamon Jacob Cape May 
Gardiners 
Tllinoian Illinoian 
Yarmouth Part of Gardiners (?) ry 
by 
2 
Jameco (?) Jerseyan (?) 8 
Aftonian 9 g 
BE 
Nebraskan a 


rejection of the first. The station may have been more sheltered and 
the climate also milder.” 

SUMMARY 

NEW JERSEY 


(1) The Bridgeton and Pensauken formations are discussed only 
briefly, in order to give a background for a discussion of the later 
Pleistocene formations. They are considered to be largely of interglacial 
age, though part of these older gravels may be of glacial derivation. 

(2) It is believed that the Cape May formation as originally mapped 
is two-fold, consisting of (1) an interglacial (Sangamon) deposit, of 
which part is of marine origin, and (2) a deposit of outwash gravels that 
were carried down the Delaware River and mixed with the older inter- 
glacial deposit. The name, Cape May, should be retained for the inter- 
glacial formation. 
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(3) The fauna of the Cape May formation indicates a water tem- 
perature slightly warmer than that of today. 

(4) No marine fossils are found in New Jersey higher than 25 feet 
above sea level. For this reason, as well as because of stratigraphic evi- 
dence, the marine part of the Cape May is correlated with the Pamlico — 
(the lower part of Shattuck’s Talbot), which occurs up to 25 feet above 
sea level along the south Atlantic coast and which probably dates from 
the last interglacial stage. 

(5) There is no evidence that in post-glacial time, sea level has ever 
been higher in New Jersey than it is today, though deposits containing 
shells of post-glacial age, lie below sea level in the Raritan and the 
Hudson valleys. 


LONG ISLAND 


(6) There seems to be considerable evidence of an early Pleistocene 
glaciation, possibly of Jameco age. 

(7) The Gardiners formation is regarded as pre-Wisconsin, instead 
of pre-Illinoian as held by Fuller. The fauna, suggesting a mild-water 
temperature, is similar to that of the Cape May, and a correlation between 
the two is suggested. The fact that the land north of the moraine has 
been depressed and then elevated, due to the effect of the ice, may account 
for the slight difference in elevation between the Gardiners and the Cape 
May. The possibility is entertained that the Gardiners may be two- 
fold and that the Cape May is correlated with only the upper member. 

Although the Gardiners has been largely eroded from extreme western 
Long Island, small patches of it (with fossils) have been found in the 
excavations for the Hudson River tunnels. It is thought that the 
Gardiners was deposited in the Hudson River valley and subsequently 
overridden by Wisconsin ice before post-glacial silts were deposited. 

(8) The Jacob sand is regarded as transitional between the Gardiners 
and the Wisconsin deposits. The fauna suggests colder-water temperature 
than that prevailing in the region today. The Jacob is not known from 
extreme western Long Island nor from New Jersey. It is suggested that 
sea level was falling during Jacob time, due to the withdrawal of water, 
and was lower than the present level in New Jersey and western Long 
Island; but the central and eastern parts of the island were so depressed 
by the oncoming ice that they still were below water, thus accounting 
for the absence of the Jacob sand in extreme western Long Island and 
New Jersey. 

(9) Wisconsin deposits are considered to include all the post-Jacob 
material of the island. The Montauk till is not recognized as a strati- 
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graphic unit but is looked upon as one or more till masses within the dom- 
inantly fluvio-glacial Wisconsin drift. 

(10) As in New Jersey, no post-glacial rise of sea level higher than 
the present in Long Island has been demonstrated. The Raritan and 
the Hudson valleys have been filled with considerable post-glacial fos- 
siliferous silts. 
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Georges Bank is the westernmost of the important series of fishing 
grounds reaching from the southern New England coast past Nova Scotia 
to the Grand Banks of Newfoundland. During the summers of 1930 and 
1932 the United States Coast and Geodetic Survey re-charted this bank 
for the benefit of the fishing industry. Sonic methods were used, which 
permitted numerous, closely spaced soundings. During the course of the 
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survey, many gorges were found cutting the southern edge of the bank, 
which here is coincident with the edge of the continent. A few of these 
gorges had been indicated in a general way on the older charts, but this 
last survey was detailed enough to give for the first time their true con- 
figuration, as well as bring to light many others whose existence pre- 
viously had not been suspected. In general, they are cut back into the 
continental shelf from 5 to 12 miles and are from about 2 to as much as 6 
miles in width. Their floors range from approximately 1200 to more than 
8000 feet below present sea level. All trace of them is lost in depths of 
less than 50 fathoms. The charts indicate that similar gorges indent the 
continental margin at various places from Cape Hatteras to the Grand 
Banks. Three off the Delaware-Maryland coast have recently been sur- 
veyed in enough detail to indicate that they are of the same type, and 
one of these has been traced to nearly 1500 fathoms. Although this 
study is concerned specifically with the canyons of Georges Bank, it must 
be borne in mind that conditions which produced them have affected a 
large portion of the eastern continental slope. 

In places the slope of the valley walls is considerably above the angle 
of repose for unconsolidated material, which indicates that these walls 
consist of rock. Hence, the gorges afford an opportunity of obtaining 
specimens of the material of which the continental margin is composed, 
and, should it prove fossiliferous, of fixing at least the maximum age of 
the topographic features. If the gorges be due to stream cutting, tectonic 
movements of considerable magnitude can likewise be dated. Elsewhere, 
the rocks composing the shelf are mantled with a veneer of recent sedi- 
ments, too thick to be penetrated. Numerous fragments containing fos- 
sils have been found on Georges Bank, but none had ever before been 
taken in place. With this in mind, the Woods Hole Oceanographic Insti- 
tution, in August, 1934, sent the research vessel, Atlantis, on a dredging 
trip to three of the recently charted canyons cutting the southern edge of 
the bank between 67°38’ and 68°11’ W. Long. (Fig. 1). 

The paleontological results of this study appear as separate sections of 
this report under their respective authors: J. A. Cushman, foraminifera; 
L. W. Stephenson, mollusks and echinoderms; R. S. Bassler, bryozoa. 
Thanks are also due to C. Iselin, J. L. Hough, and Marshall Schalk, for 
assistance at sea, and to Professor P. E. Raymond and Professor Kirk 
Bryan, of Harvard University, for much helpful advice. 


FIELD METHODS 


The dredge employed for this work was of the scraper type commonly 
used for biological collecting, but of much heavier construction. It is 
made of 34-inch steel plates, welded at the corners. The outside dimen- 


= 
> 
4 
fe 
4 


BULL. GEOL. SOC. AM., VOL. 47 STETSON, PL. 1 


Ficure 1. DREDGE USED IN OBTAINING SAMPLES FROM CANYON WALLS 


Ficure 2. EROSIONAL PROCESSES 

Scarp, about 15 miles southeast of Cameron, Arizona, showing the processes at work which ; 
may have produced similar-appearing submarine valleys on Georges Bank. Taken from 

an altitude of about 5000 feet. (Photo by Barnum Brown, American Museum-Sinclair ‘ 

Aerial Survey, 1934.) | 
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PORTION OF BRIGHT ANGEL QUADRANGLE 
United States Geological Survey sheet of the Grand Canyon, Coconino County, Arizona. Note 
similarity in configuration to the canyons of Georges Bank. 
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sions are 35 by 18 by 8 inches. The end pieces were cut with a taper, 
giving a slight flare toward the mouth, to facilitate the bite of the beveled 
cutting edges. The bail consisted of an iron strap, % by 2% inches, 
welded to the sides. In practice it was found that weights lashed at the 
outer ends of the arms helped to keep the dredge in the proper towing 
position. A short rope was used to fasten the towing wire to the arms. 
If the dredge became securely hung, this rope, with a breaking strength 
of 12,000 pounds, would part before the wire. With the rope broken, 
the strain would fall on the tripping wires, which, being shackled to a 
corner of the dredge, would upset it and pull it clear. The bag, about 
four feet long, was of the link and ring type commonly used by scallop 
fishermen (PI. 1, fig. 1). 

Dredging operations were carried on in the following manner. The 
edge of a canyon was located by echo soundings and marked with a buoy. 
The vessel would proceed slowly across the canyon until a steep cliff had 
been crossed; then the course would be reversed, the dredge lowered, and 
the depth recorded. The ship would then go ahead at the rate of about 2 
knots per hour, laying out wire at the same speed to avoid kinking, the 
dredge meanwhile remaining stationary. Experience showed that about 
one mile of wire was necessary to insure a good angle of drag for this type 
of work at the depths at which the cliffs were found. When sufficient wire 
was out, the winch was stopped and the dredge was dragged up the face 
of the cliff. The towing wire from the main winch ran over a combination 
meter wheel and strain indicator. By watching the latter instrument the 
operator could tell whether he was scraping through Recent, unconsoli- 
dated material or whether he had encountered bed rock. In the former 
case, even though cutting through glacial outwash with erratics a foot in 
diameter, the indicator never showed a strain of more than 3000 pounds. 
When the older, more consolidated deposits were encountered the strain 
varied from about 7500 to somewhat over 10,000 pounds. During the 
course of a tow, the strain would often approach the limit, and then 
suddenly would lessen as the dredge crossed successive outcrops, breaking 
pieces from them on the way. This explains why a single tow often 
yielded fragments very different in lithology and fauna. At times the 
dredge would anchor itself securely enough to check the vessel’s headway. 
Then, the towing wire would be taken in until it was straight up and 
down, and the dredge could usually be loosened without parting the rope 
safety link and dumping the contents of the bag. With a mouth opening 
of 3414 by 16% inches, it is obvious that loose fragments would not sub- 
ject the gear to heavy strains. The glacial erratics brought up, several of 
which approached the size limit of the mouth opening, never produced 
strains in excess of 3000 pounds. As additional evidence that the frag- 


i 


342 GEOLOGY AND PALEONTOLOGY OF THE GEORGES BANK CANYONS 


70° 


Ficure 1—Position of Georges Bank and the three canyons 


ments were taken in place, freshly broken surfaces and weathered ones 
were usually found on the same specimen. In one instance, pieces 
weathered on all sides appeared in the tow with fragments of the same 
material showing freshly broken faces. The dredge obviously scooped up 
some of the talus at the base of the cliff before encountering the outcrop 
itself. 

Tows were always made uphill, and, as the vessel was far ahead of the 
dredge, only the lower and the upper limits could be recorded. It is not 
possible, therefore, to fix the exact depth at which any single formation 
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was encountered. The vertical range of each tow, however, was not great, 
and in no case amounted to more than 128 meters. 

The middle and upper sections of the valleys, where the walls have the 
steeper gradients, yielded the best results. Here, the walls were either 
bare or the covering of Recent sediment was thin enough to allow the 
dredge to cut through. Toward their mouths the valleys begin to broaden, 
and the older rocks are blanketed with Recent material or glacial debris, 
too thick to be penetrated. The same holds true for the upper parts of 
the valley walls. Here, likewise, the gradient is less steep, and glacial 
debris has accumulated. 

Several cores were taken with an instrument which consisted of a 
piece of 114-inch brass pipe, having a union at one end and a T coupling 
for the attachment of the line, at the other. Around the union was cast 
100 pounds of lead, and into it was screwed a 5-foot length of pipe of 
the same diameter, sharpened at one end. The tube was dropped with 
the winch running free, and considerable speed was attained as the weight 
of the wire gradually added to the weight of the tube. A check valve, 
to prevent the core from sliding out, was not needed in soft bottoms. 

Georges Bank has a steep northern slope facing toward the Gulf of 

Maine. Although the gradient is not comparable to that of the canyon 
' walls, it is considerably steeper than that of the Continental Slope. Con- 
sequently, it was thought worth while to repeat here the tactics employed 
in the canyons. The uphill tows were made between 68°48’ and 67°12’ 
W. Long., but in no case did the dredge encounter anything but Recent, 
unconsolidated material. Five cores were taken, but the contained foram- 
inifera were all Recent forms. Probably because of the gentle slope, 
the older formations are effectively protected by the thick covering of 
present-day sedimentation. 


MECHANICAL ANALYSIS 


The combined sieve and hydrometer method devised by Arthur Casa- 
grande, of the Harvard Engineering School, was used for the mechanical 
analysis of the sediments collected. As this has been described elsewhere, 
a detailed account is unnecessary here. The principal errors formerly 
encountered in hydrometer technique have been eliminated by much 
experimental work. In dealing with marine samples, it is, of course, 
necessary to remove all traces of the electrolytes contained in sea water, 
before a complete separation can be made. Various methods have been 
used,? but repeated washings, the water being drawn off through Pasteur- 


1H. C. Stetson: Scientific results of the Nautilus expedition, 1981, Mass. Inst. Tech. and Woods 
Hole Oceanographic Inst., Papers in Physical Oceanography and Meteorology, vol. 2, no. 3, pt. 5 
(1983) p. 17-19. 

2 Stina Gripenberg: A study of the sediments of the North Baltic and adjoining seas, Havsforskn. 
Inst. Skr., Helsingfors no. 96 (1934) p. 60-62. 
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Chamberland filters by means of a vacuum pump, were found to be thor- 
oughly satisfactory in the case of the finer sediments. The last two or 
three washings should be made with distilled water. As chlorine is one 
of the commoner electrolytes in sea water, it was assumed that when all 
trace of it had been removed, no others were present. Minute amounts 
of the chlorides can easily be detected with silver nitrate. 

Important textural features of the samples are represented according 
to the statistical method devised by Trask.* 

Curves give an accurate picture of the individual characteristics of a 
sediment, but they are difficult to interpret in dealing with large numbers 
of samples. Histograms, though apparently easy to interpret, have so 
many inherent fallacies that their value is questionable.* Although some- 
thing of the individuality of a sediment is sacrificed in the statistical 
treatment of the data, it is a system in which general relationships are 
easily and correctly grasped. 

In Trask’s system, the median diameter, an expression for sorting, and 
one for skewness are used. The first quartile, the median, and the third 
quartile diameters are taken from the cumulative curve and substituted 
in the two formulae. 

“The median diameter indicates the mid-point of size distribution. 
One-half of the weight of the sediment is composed of particles larger 
in diameter than the median and one-half smaller.”* This is the most 
important single constant. 

The coefficient of sorting expresses the degree of sorting. It is based 
on a relationship of the first and the third quartiles. Twenty-five per- 
cent by weight of the sample is composed of grains of larger diameter 
than the first quartile, and seventy-five percent larger than the third 


quartile. It is derived from the formula So = 2. Perfect sorting equals 
unity. The writer’s experience with many samples indicates that a well- 
sorted sediment, such as a beach sand, has an average value for So of 
about 1.25, and a well-sorted, shallow-water sediment a value of 
about 1.46. 

The coefficient of skewness measures dissymmetry of size distribution 
in relation to the median diameter. It shows on which side of the median 
diameter, and how far from it, the mode, or peak, of the distribution lies. 


It is derived from the formula: Sk = St Ss, If Sk is greater than 1.0, 


8P. D. Trask: Origin and environment of source sediments of petroleum (1932) chap. 5. Houston. 
4E. Wayne Galliher: Cumulative curves and histograms, Am. Jour. Sci., 5th ser., vol. 26, no. 155 
(1933) p. 475-478. 
W. C. Krumbein: Size frequency distribution of sediments, Jour. Sed. Petrol. vol, 4, no. 2 (1934) 
p. 68-70. 
SP. D. Trask: op. cit., p. 70. 
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or log Sk positive, the mode lies on the fine side of the median diameter. 
If Sk is less than 1.0, or log Sk negative, it lies on the coarse side; 
if Sk is 1, or log Sk 0, the mode corresponds with the median. The loga- 
rithm of Sk is given to bring out more clearly the relationship of skew- 
ness ratios, which may lie on either side of the median—1. e., the amount 
of their divergence from it. The farther Sk diverges from 1.0, or log 
Sk from 0, the farther the position of maximum sorting lies from the 
median. 

In Table 1 are found the statistical constants just mentioned (p. 360). 
Table 2 lists each sample split into arbitrary size divisions, which are also 
read from the same cumulative curves (p. 361). 


DESCRIPTIVE DATA 
GENERAL STATEMENT 


This section is concerned chiefly with the physical characteristics of 
the samples. Although the fossils naturally are included as part of the 
evidence under their respective tows and cores, they are merely cited 
here. A full account of the paleontology appears in the other divisions 
of this paper, under the respective authors. 


CANYON I 


In the westernmost canyon, which is designated Canyon I (Fig. 2), 
six successful tows were made and four cores were taken. 

Tow 1 was made on the easterly side of the canyon, between 620 and 
500 meters depth (N. Lat. 40°20’15”; W. Long. 68°06’30”). The bag 
came up full of unconsolidated green silt which contained nothing but 
Recent foraminifera, characteristic of the warm water beyond the con- 
tinental margin. The strain on the wire was uniformly slight throughout 
the course of the tow, and no outcrops were encountered. 

Tow 2 was made on the westerly side of the canyon (N. Lat. 40°20’15”; 
W. Long. 68°10’00”) between 256 and 164 meters depth. Angular peb- 
bles obviously derived from glacial outwash were obtained. On the 
same side of the canyon, and in the immediate vicinity, two unsuccessful 
tows were made. In the first, between 292 and 200 meters depth, the 
dredge chattered along the bottom and hooked nothing. In the second 
instance, the dredge hung so hard that the safety rope broke, and only 
one small angular glacial pebble was recovered. 

Only two types of sediment, both Recent, were encountered in the 
cores. The following description of each holds good for all other occur- 
rences. For further data, the tables should be referred to. 

Core 1 (N. Lat. 40°2003”; W. Long. 68°08’00”) was taken in the 
center of the valley floor, at a depth of 943 meters, about midway be- 
tween Tows 1 and 2. This core is 10 centimeters in length, with the upper 
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2 centimeters a greenish, sandy silt. The lower 8 centimeters is a com- 
pact, fine silt, pinkish in color. The difference in mechanical composi- 
tion is well shown by the constants and size fractions. The top section 
has a median of .09 millimeter, and the two lower sections, a median of 
.006 millimeter. The sand percentage drops from 66.5 to 20.4 and 22.5, 
with a corresponding increase in silt, clay, and colloid in the two lower 
sections. The sandy silt has a fair sorting, with a large negative log Sk, 
indicating that the mode is far displaced from the median on the coarse 
side. The sorting of the fine silt divisions is very poor (7.8 and 11.3), 
though the negative log Sk is smaller. The foraminifera are Pleistocene 
to Recent throughout, but the assemblage from the finer sediment is a 
typically Arctic one, with species not now living in the surface sediments 
of this region. This poorly sorted, fine silt, with its characteristic fauna, 
was encountered at many places in the valley floors and walls. The 
sandy green silt at the top has the normal assemblage now living in the 
general vicinity. 

Core 2 (N. Lat. 40°20’03”; W. Long. 68°09’00”), 633 meters depth, 
and 20 centimeters long, resembles Core 1 in that the Arctic assemblage 
is present in the lower 18.5 centimeters. Core 3 (N. Lat 40°17’30”; 
W. Long. 68°07’30”) , 1030 meters depth, and Core 4 (N. Lat. 40°24’15”; 
W. Long. 68°08’00”), 593 meters depth, consist of Recent material 
throughout, as is shown by statistical constants and foraminifera. 

Tows 3 and 4 were taken in N.Lat. 40°18’15”, W.Long. 68°06’30” and 
N.Lat. 40°18’30”, W.Long. 68°05’55”, respectively. They were made on 
the easterly side of the canyon, and one is a continuation of the other. 
The depths were between 565 and 400 meters and between 400 and 290 
meters. Angular glacial pebbles, with no evidence of rock outcrops, were 
obtained in each. 

Tow 5 was made on the easterly side of the canyon, near the upper end 
(N. Lat. 40°24’30”; W.Long. 68°07’30”), between 596 and 480 meters 
depth. The tow yielded four types of material: a fairly well indurated 
sandstone, a hard green silt, small glacial erratics, and the unconsolidated 
green silt which has been regarded as the product of present-day sedimen- 
tation. The sandstone is coarse textured, very poorly sorted, and contains 
considerable silt. The quartz grains are angular and are held together by 
a calcareous cement. Glauconite and feldspar are the two next most 
important constituents, and the latter mineral has been almost completely 
kaolinized. Many fragments of this rock showed weathered surfaces on 
all sides and were obviously talus lying at the base of the cliff; other 
pieces showed freshly broken faces. From this sandstone, Stephenson has 
obtained a fauna which he assigns to the Upper Cretaceous. In terms of 
the New Jersey-Maryland section it would correspond to the upper part 
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of the Matawan or the lower part of the Monmouth; and of the European 
section, Upper Campanian or Lower Maestrichtian. 

The hard green silt, the second type of material obtained in this tow, 
crops out at three other localities. This deposit twice anchored the dredge 
firmly enough to check the ship’s headway. It came up in large angular 
chunks, and was sufficiently compact and firm so that neither the washing 
it received on the trip to the surface, nor the strong compression in the 
dredge while towing, obliterated the freshly broken appearance of some 
of the faces. The borings of worms and other bottom-living organisms 
are perfectly preserved, which indicates a fair degree of consolidation in 
place. Present-day surface sediments could not undergo such handling 
and preserve these structures intact. So compact was this material that, 
on breaking some of the chunks open, the inner part was found to be 
almost dry. In Tows 6 and 9, pieces were brought up with weathered 
surfaces considerably stained and indurated by limonite, and extensively 
pitted and channeled by bottom-living organisms. These faces were 
directly exposed to the water and had no covering of any sort, as living 
seaweeds were found attached to them. 

In Tow 5 the silt had a median diameter of .016 millimeter. The sort- 
ing is poor, 4.12, and a log Sk of —.38 indicates a very unsymmetrical 
curve with the mode of size distribution on the coarse side of the median. 
The same physical characteristics hold good for this material when 
encountered in Tows 6, 9, and 11. The unconsolidated silt and the small 
glacial erratics, likewise obtained in Tow 5, may have been picked up 
anywhere along the way, or they may possibly have formed a thin cover- 
ing over the whole area through which the dredge penetrated. 

Cushman considers that the foramineral fauna of this compact silt is 
definitely younger than Miocene and may be late Pliocene or even early 
Pleistocene. Many of the Recent forms present in the cores and the sur- 
face sediments of the region are not found in the silt, and there are 
several forms ranging back into the late Tertiary, which, though present 
in the silt, are absent in present-day sediment. The fact that certain late 
Tertiary forms which are living today are found in both the silt and the 
sediment does not invalidate Cushman’s supposition. The genus Plecto- 
frondicularia is present; some species are related to species which are good 
index fossils to the late Tertiary of California, but, as the forms here are 
new species, it cannot be assumed as yet that their ranges are similarly 
restricted. The assemblage, taken as a whole, seems to indicate a deep- 
water environment. About such an assemblage very little is known, as 
the Tertiary fauna of the Atlantic Coastal Plain is a shallow-water one. 
The silts from Tows 6 and 11 yielded some shells which Stearns MacNeil, 
of the United States Geological Survey, has identified as Macoma ef. 
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calcarea Gmelin. He states, in a personal communication, that “this is a 
species belonging to northern waters and is not known in beds older than 
Pleistocene.” It is possible, however, that this species has a greater 
geologic range than is known, as Macoma balthica Linné, a closely related 
species is found in the Red Crag (Pliocene) of Norwich, England. In 
general, it may be said at present that the fauna cannot be older than 
Miocene, and that the indications favor late Tertiary. 


CANYON II 


From the middle canyon, designated Canyon No. II, two tows were 
taken, one directly uphill from the other, and also two cores, one at the 
beginning of the first tow and one between the tows (Fig. 2). 

Core 5 (N.Lat. 40°20’40”; W.Long. 67°51’30”) 864 meters depth, and 
Core 6 (N.Lat. 40°20’40”; W.Long. 67°50’40”) 530 meters depth, both 
penetrate the coarser surface silt and reach the finer-grained silt con- 
taining the Arctic fauna, going respectively 60 centimeters and 94 centi- 
meters below the surface of the bottom. 

Tow 6 (N.Lat. 40°20’40” ; W.Long. 67°51’15”) was made on the easterly 
side of the canyon, between 600 and 530 meters depth. Four types of 
material were obtained: a friable glauconitic sandstone, the compact 
green silt, small glacial erratics, and unconsolidated silt. 

The glauconitic sandstone came up in fragments which are fairly friable. 
It is impure, quartz sand being the dominant constituent, mixed with con- 
siderable proportion of silt. The quartz sand is very poorly sorted; the 
larger grains have a fair degree of rounding and are somewhat frosted. 
The foraminiferal fauna of this sediment is the equivalent of that found in 
the Navarro formation of Texas. The compact, green silt has already 
been described under Tow 5. In this particular case, the grains are a little 
finer than in the other instances, having a median diameter of .009 milli- 
meter, with a correspondingly poorer coefficient of sorting of 5.45. The 
foraminifera, however, are the same as those found in the compact green 
silts from Tows 11 and 5, and the same Macoma found in Tow 5 is present. 

Tow 7 (N. Lat. 40°21’00”; W. Long. 67°50’00”) was made uphill from 
Tow 6, and between 512 and 320 meters depth. Only glacial erratics 
and Recent, unconsolidated green silt were obtained. 


CANYON III 


From the easternmost canyon, designated Canyon No. III, four tows 
and six cores were taken. 

Tow 8 (N.Lat. 40°23’30”; W.Long. 67°39’00”) was made in waters 
between 475 and 302 meters in depth, half way up the easterly side of the 
canyon. Only angular glacial pebbles and Recent unconsolidated material 
were obtained. 
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Tow 9 (N.Lat. 40°27’00” ; W.Long. 67°39’30”) was made on the easterly 
side of the canyon, between 640 and 512 meters depth. From it was ob- 
tained an impure glauconitic greensand with a large admixture of quartz, 
the consolidated green silt, and the Recent, unconsolidated green silt. The 
foraminifera from this greensand constitute a warm-water fauna not older 
than late Pliocene, and are representative of conditions which existed along 
this coast prior to the lowered temperature of the Pleistocene. 

The consolidated green silt is here a little coarser than in the other tows. 
having a median diameter of .029 millimeter. The sorting is similar to the 
other Recent cores, and percentages in the size fractions are comparable 
except for an increase in the sand division at the expense of the silt. As 
was the case with the other three outcrops, the material came up in large 
fragments, sufficiently compacted to be almost dry inside, and to retain 
the burrows of worms and other bottom feeders. The foraminifera repre- 
sent the same “late Tertiary” assemblage as that already described. 

Tow 10 (N.Lat. 40°28’00”; W.Long. 67°39’25”) was taken between 492 
and 412 meters depth. It yielded a large amount of angular, well-sorted 
glacial pebbles and unconsolidated Recent sediment. 

Tow 11 (N.Lat. 40°29’45” ; W.Long. 67°41’45”) was taken between 458 
and 452 meters depth. The tow was begun at the place where Core 10 was 
taken, and the dredge anchored itself almost at once. Two types of mate- 
rial were obtained—the compact, green silt mentioned in three other 
instances, and Recent, unconsolidated material. 

Core 7 (N.Lat. 40°20’50”; W.Long. 67°39’50”) 1057 meters depth; 
Core 8 (N.Lat. 40°22’00” ; W.Long. 67°40'15”) 612 meters depth; Core 9 
(N.Lat. 40°26’45” ; W.Long. 67°40’00”) 596 meters depth; Core 10 (N.Lat. 
40°29'45”; W.Long. 67°41’47”) 458 meters depth; and Core 11 (N.Lat. 
40°29’45”; W.Long. 67°41’40”) 396 meters depth, all fail to penetrate the 
coarse surface silt. The foraminifera of Cores 10 and 11 are Gulf Stream 
forms. 

NORTH SLOPE 
Two sections of the steep north slope, about 20 miles apart, were 
sampled in the hope that the tactics employed in the canyons would yield 
similar results. Two tows and four cores were taken, but only Recent 
unconsolidated material was obtained. There was no trace of any of the 
older formations encountered in the canyons, nor even of the fine silt with 
the Arctic foraminifera. 

The first traverse began at N. Lat. 42°04’00”, W. Long. 66°48’00” in 
11 meters of water and ran northwest to N. Lat. 42°16’30”, W. Long. 
66°51’30” to a depth of 267 meters. The second traverse began at N. Lat. 

42°04’00”, W. Long. 67°05’00”, in 10 meters of water, and ran down the 
slope in a northwesterly direction to N. Lat. 42°16’30”, W. Long. 
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67°10'30”, to a depth of 267 meters. These traverses began in sand 
obviously under the influence of wave action on the top of the bank, and 
reached silts characteristic of the deeper parts of the Gulf of Maine 
basin. The silts were picked up at about 200 meters depth. As the 
details of these traverses do not especially concern the problem at hand, 
they have been omitted from the tables. 


CONFIGURATION AND ORIGIN OF THE CANYONS 


It is not the purpose of this study to enter into the controversy con- 
cerning sub-aerial versus submarine origin of canyons. Its chief concern 
is the dating, and the description of the sediments composing the walls. 
The question of the origin is still an open one, and the data are not yet 
at hand which will warrant a complete rejection of either view. 

It is only very recently that submarine currents have received any 
serious support, and their chief advocate ® would be the last to claim 
that as yet his proposals constitute more than a working hypothesis. 
Nor can one discard entirely the older view, that the valleys are stream 
cut. They have certain characteristics which demand attention and can- 
not be ignored in spite of the seemingly insurmountable difficulties in 
the way of orogenic movement, or a eustatic shift of sea level of sufficient 
magnitude to produce them. It is pertinent, therefore, to review the argu- 
ments for a sub-aerial origin, both to point out certain factors which 
appear to have passed unnoticed, and to further emphasize the fact that 
there are many problems involved which still await a satisfactory solution. 

F. P. Shepard * has been the chief advocate of a fluviatile origin. The 
soundings are numerous enough to enable him to draw contour maps of 
considerable accuracy, and to obtain a good picture of the physical charac- 
teristics of the valleys. They are narrow; they are incised only a short 
distance into the shelf; and their head and side walls are steep. In cross- 
section they are V-shaped. Their courses are sinuous, and their bottoms 
slope outward practically continuously. Headward extensions across the 
shelf are unknown in these east coast canyons, except in the case of the 
Hudson. 

There has been considerable speculation as to the drainage systems of 
which these canyons may be the remnant, as many have assumed that 
they must once have had a greater headward extension than they now 
possess. Spencer * made an attempt to connect a few of them with present- 
day rivers. Had such large streams, draining the hinterland, crossed the 
relatively soft sediments of the shelf, they might have been expected to 


®R. A. Daly: Origin of submarine “canyons” (Abstract), Geol. Soc. Am., Pr., 1935 (1936) in press. 
1F. P. Shepard: Canyons off the New England Coast, Am. Jour. Sci., 5th ser., vol. 27, (1984) p. 24-36. 
8 J. W. Spencer: Submarine valleys off the American coast and the North Atlantic, Geol. Soc. Am., 
Bull., vol. 14 (1903) p. 207-226. 
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cut deep, graded channels. The absence of such features demands an 
explanation. Assuming that such channels did exist, they could only have 
been obliterated by marine planation and fill, following subsidence. In 
favor of this theory, there is a rather general uniformity of the depth of 
the break in slope for all the shelves of the world, as has been pointed out 
by Shepard.® In other words, stillstand at present sea level is supposed 
to have continued long enough to produce uniformity of grading. This 
would inevitably result in much sediment, which would fill the canyons. 
Consequently, Shepard postulated submarine landslides to clear them 
out occasionally. 

There are, however, several factors which cast a certain amount of 
doubt on the assumption that these canyons are remnants of larger val- 
leys or that these master streams ever possessed graded valleys across the 
shelf. 

Take the case of the Hudson. There a broad shallow trough leads out 
of the mouth of the river and crosses the shelf, where it becomes a deep, 
narrow gorge at the break in slope. The outer gorge is obviously different 
from the canyons of Georges Bank and those off the Maryland and Dela- 
ware coasts, even if allowance be made for the fact that it has not been 
surveyed in comparable detail. The depth, and the steepness of the side 
walls are about the same, but the course of the gorge is a pronounced 
S-curve instead of being nearly straight. As might be expected, the 
headwall is not very abrupt, and it has been cut back into the continental 
platform about twice as far (20 odd miles) as any of the others. The 
shallow portion begins just south of Ambrose Lightship, in about 38.5 
meters of water, and gradually slopes to the 50-fathom curve (about 91.5 
meters) 76 miles seaward. Its depths below the surface of the shelf 
varies from about 14 to 27 meters. At the 50-fathom curve the channel 
descends abruptly to 380 meters below sea level, deepening to 870 meters 
20 miles away. It lies from 250 to more than 700 meters below the surface 
of the outer part of the shelf. How such a condition could have arisen had 
the valley been well graded up to the river mouth is difficult to imagine. 
Marine planation could hardly have resulted in such unequal filling in a 
channel cut in a nearly level platform. 

If one postulates straight uplift of the continental margin, with no 
tilting, or a eustatic shift of sea level, a stream from the hinterland, flowing 
across the nearly level surface of the shelf, would deposit part of its load 
on its floodplain and do little cutting. On reaching the change of gradient 
at the break slope, it would cascade into the ocean. From this point 
seaward, deep trenching would be initiated, and the headwall would 


°F. P. Shepard: op. cit. 
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gradually work inland by headward erosion, after the manner of the 
Niagara gorge. There would be no deep graded channel across the shelf 
until the falls had completely crossed it. The Hudson fulfills the con- 
ditions presented here to a remarkable degree. 

In the case of Georges Bank, the abundance of the canyons themselves 
precludes the possibility that they are all caused by streams crossing the 
shelf. Upward of forty large ones are found on the southern face, in addi- 
tion to many minor ones. So closely spaced and so similar in size are 
they that it is difficult to conceive that the necessary number of rivers 
flowing out of a hinterland could have existed side by side, even before 
the existence of the Gulf of Maine. Stream piracy would certainly have 
enlarged certain ones at the expense of the others. 

The writer is indebted to Kirk Bryan for a suggestion which might 
explain this situation. It is not necessary to appeal to some ancient 
river, with its headwaters in the hinterland, to provide the means for 
cutting these canyons. In a plateau country, starting upon the face of 
a scarp, canyons of the order of magnitude represented here can grow by 
headward erosion through the agency of groundwater sapping. Many 
formed by this means are well shown on the United States Geological 
Survey’s topographic sheet of the Bright Angel quadrangle, Coconino 
County, Arizona. A portion of this sheet, in which the similarity of the 
canyons to those on Georges Bank is particularly striking, is reproduced 
in Plate 2. 

The Transept, a side valley off Bright Angel Canyon, is very similar 
in size, depth, and configuration to Canyon II of this paper (Pl. 3). The 
head of Bright Angel Canyon itself is more like Canyons I and III. 

The same conditions on a smaller scale are well illustrated by a scarp 
near Cameron, Arizona (PI. 1, fig. 2). Elevation of the continental 
margin would provide ideal conditions for erosion of this sort. If Georges 
Bank now stood about 7000 feet above sea level, its southern face would 
look not unlike the scarp near Cameron. 

It has been suggested that the valleys are due to faulting.*° However, 
the straight walls and trough-like shape characteristic of such features 
are lacking. As Shepard*? points out, “it is usual to find horsts or step 
faults rather than the accordant plateau levels that are found on the 
sides of most submarine valleys.” 

Submarine currents, likewise, have been considered as agents. It is 
difficult to conceive of density currents, due to differences in temperature 
and salinity, powerful enough to cut such gorges. If, however, such a 
current could be produced, it would be equally difficult to imagine it 


10 A, C. Lawson: The geology of Carmelo Bay, Calif. Univ., Dept. Geol., Bull. 1 (1893-1896) p. 1-59. 
uF, P. Shepard: Submarine valleys, Geog. Rev., vol. 23 (1933) p. 79-98. 
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flowing at right angles to the coast line, or to find it restricted to such 
limited areas. Another objection to this mode of origin is the fact that 
the valley bottoms are filled with fine-grained sediments, thereby pre- 
cluding the possibility that such a current is flowing at the present time. 
It is not reasonable to suppose that the currents everywhere would have 
cut to a similar depth and then suddenly have become inoperative. Sub- 
marine currents of this type, as agents, are forces whose existence has 
never been demonstrated. The conditions necessary to produce them 
are completely out of line with known hydrographic conditions, as is 
shown by the data that are being accumulated by modern work in phys- 
ical oceanography.'? 

The foregoing criticism does not apply to a theory recently put for- 
ward by Daly,’* who appeals to a different type of density current to 
accomplish the work. His differential densities are obtained by bringing 
large quantities of mud into suspension, by wave agitation. According 
to his theory, such a situation must have arisen during the lowered sea 
level of Pleistocene times, when large areas of soft deposits, formerly 
below wave base, were brought within the reach of wave scour. This 
heavy water would first seek the lowest depressions on the shelf, such as 
might be caused by initial irregularities. It would run down them and, 
eventually, would flow over the steeper gradient of the continental slope, 
with greatly accelerated motion, thereby cutting the canyons. Numerous 
factors remain to be evaluated; such as, the amount of energy available 
for the work, the relative hardness of the sediments to be cut, and the 
effect of the lighter less-saline water near shore. It is a mechanism, 
which, given the proper conditions, could be made to work. Daly him- 
self says he does not in any sense regard it as a proven theory, but, 
rather, as a working hypothesis put forward to circumvent the seemingly 
insurmountable obstacles of continental uplift or eustatic shift of sea 
level. 

INTERPRETATION OF DATA 


The data with regard to the relationships of the different sediments to 
each other, may now be examined and the probable conditions which 
exist in these valleys today may be reconstructed. The simple cases will 
be taken first. Figure 3 shows the relationships of the tows, in graphic 
form. 

Material obviously glacial in origin (i.e., angular pebbles and small 
boulders) and Recent silt were the only constituents of every tow, from 
@ depth of 450 meters to the canyon’s rim. Glacial material was found in 
only two instances below this depth—Tow 6, reaching 530 meters, and 


Iselin: Personal communication. 
wR. A. Daly: op. cit. 
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Tow 5, 480 meters. Tows 3, 7, 8, containing glacial erratics, start below 
450 meters but extend well above that depth, so that there was ample op- 
portunity for the angular pebbles to have been picked up by the dredge 
toward the end of the tow. Tow 3 ends at 400 meters, Tow 7 at 320, and 
Tow 8 at 302 meters. It is not necessary to consider the landslide 
hypothesis to explain the fact that glacial material is not found every- 
where. Unconsolidated material could accumulate at any place where 
the gradient of the valley walls is sufficiently gentle to permit it. The 
best places are the valley floors and the upper slopes. Doubtless the 
floors are mantled with a veneer of glacial debris, but, as these are quiet 
places, fine-grained sediments would later accumulate, and they have 
probably buried the glacial material. Tow 1 and the several cores indi- 
cate that such a deposit has been formed. The upper slopes, being nearer 
the surface, are places of greater turbulence; hence, the finer material 
could not accumulate, or the layer was thin enough to allow the dredge 
to cut through it. 

Certain cores—namely, numbers 1, 2, 5, 6, and 8, all taken below 
530 meters—show a fine-grained silt in the lower sections. This contains 
modern Arctic foraminifera, but species that are not found in this region 
at present. The upper sections have the fauna normal for this part of the 
coast. The contact between the two types of material is plainly visible, 
and important textural differences were brought out by the mechanical 
analysis (Tables 1 and 2). The older sediment, finer grained than usual 
for the present day bottoms of the region at similar depths, was probably 
accumulated during the melting of the Pleistocene ice. Material of this 
type would naturally be deposited in the quieter and deeper parts of 
the valleys, just as the Pleistocene silts and clays, now above sea level, 
were laid down in estuaries and in ponds and lakes. The silt, doubtless, 
overlies all the valley floors, but only where the cover of present-day 
material is relatively thin is one able to reach it. Present-day sediments 
in the valleys consist of sandy, green silt, the characteristics of which 
are given in the data for the uppermost sections of all the cores. Smears 
of it came up in most of the tows, but, even if the dredge were cutting 
through a layer of it to older rocks below, the large mesh of the bag 
would allow most of it to wash through. 

The relationships of the three types of sediments to each other, and 
their positions in the valleys, are clear. Now comes the critical point in 
the discussion. Much depends on the correct answer to the question: 
Are the Upper Cretaceous and the late Tertiary rocks, obtained from 
the walls of the canyons, actually strata truncated by stream erosion, or 
are they fill in older channels? Whichever proves to be the case, there 
can be no question but that the fossiliferous rock was found in place. 
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Following up the landslide hypothesis, Shepard (personal communica- 
tion) has suggested the possibility that the dredge might have encountered 
the “remnants of a former filling left sticking to the walls, the rest having 
slid out and down the canyon floor.” 

Cretaceous or Tertiary fill in an older cut would be distributed after 
the manner of the glacial and Recent fill in the present-day valleys. It 
would mantle all slopes that were gentle enough to allow it to stick, and 
would tend to conform to the topography of the valley, which is exactly 
what does happen. 

With these suggestions in mind, one is in position to summarize the 
data obtained in the four critical tows. Figure 3 should again be 
referred to. 

Tow 5, Canyon I, picked up Upper Cretaceous sandstone (Upper Mon- 
mouth or Lower Matawan), Tertiary silt, small glacial erratics, and 
present-day silt between 596 and 480 meters depth, in about .3 nautical 
miles of travel. It started from the valley bottom and was preceded by 
a core, 40.5 centimeters long, consisting of Recent material throughout. 
Again, in about .3 nautical miles, Tow 6, Canyon II, picked up upper 
Cretaceous sandstone (Navarro), Tertiary silt, and Recent silt, trav- 
eling from a depth of 600 to 530 meters, but starting about 287 meters 
above the valley floor. Core 5, 67.5 centimeters long, was taken practi- 
cally on the valley floor, in 864 meters depth, before the tow started, and 
Core 6, 91 centimeters long, immediately after the tow ended. Each had 
7 to 8 centimeters of the cold-water silt at the bottom, but the rest was 
present-day accumulation. 

Tow 7 began only 18 meters farther up the slope than the upper limit 
of Tow 6, and in the same traverse, yet only glacial erratics and Recent 
silt were obtained in more than .3 nautical miles of towing. Tow 9, 
Canyon III, encountered Tertiary silt and greensand between 640 and 
512 meters depth, traveling less than .3 miles. A core, 15 centimeters 
long, which was taken just before the tow was started, contained only 
Recent material. Tow 11 anchored the ship almost immediately, trav- 
eling only 6 meters vertically (458 meters to 452 meters depth). Ter- 
tiary silt was obtained. A core, 49 centimeters long, taken just before 
the dredge was lowered, contained only Recent material. 

The fact that four tows at about the same depth yielded something 
besides Recent silt and glacial erratics is significant. The width of this 
zone is only 188 meters, as fixed by the extreme upper and lower limits 
of these tows. The contact between the Upper Cretaceous and the Ter- 
tiary lies, therefore, somewhere between 600 and 480 meters below 
present sea level. It was picked up on two vertically overlapping tows 
in different canyons, the maximum upper and lower limits of which are 
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only 120 meters apart. This range could, doubtless, be still further nar- 
rowed were it possible to employ more precise field methods. The fairly 
restricted distribution of this fossiliferous material is an argument against 
its deposition as sheets of valley fill. More recent sediments, which are 
actually valley fill, are found at almost all levels within the valleys. On 
the other hand, the situation is just what one would expect if the frag- 
ments in question were broken from nearly flat-lying sediments, deposited 
like those of the existing Coastal Plain, and then truncated by stream 
erosion. 

These critical tows occupy about the same relative position in the valley 
cross-section. They are situated neither in the valley bottoms nor on 
the gentle upper slopes, but a short distance above the valley floor. An 
examination of the original sounding data shows that the steepest 
gradients are found here—i.e., in the middle and upper parts of each 
canyon. It is also interesting to note that these four tows were made in 
areas in which the contours on Shepard’s map show close crowding 
(Pl. 3). Slight discrepancies in location are easily within the normal 
limits of a ship’s real and plotted positions. Slopes above 30 to 35 
degrees probably would not allow sediment of any sort to collect on 
them, and this would certainly be true for any cliff. The consolidated 
material obtained in Tows 6 and 9 is at present exposed to the water, 
and has no cover of unconsolidated sediment. If cliffs do exist in the 
valleys, the places where these four tows were taken would be among 
the most likely locations. 

In the case of Georges Bank, it is difficult to deduce what the stratig- 
raphy at the continental margin should be. The Cretaceous and the 
Tertiary disappear beneath the sea, a hundred or more miles to the west. 
The contact between the Coastal Plain sediments and the crystalline 
basement lies hidden beneath the Gulf of Maine. South of New York 
the situation is much simpler, and one is able, with a fair degree of 
certainty, to deduce from the known structure what the material should 
be in which the southern canyons are cut. 

The strata of the Coastal Plain form a wedge of nearly flat-lying sedi- 
ments, with the thin edge at the Fall Line, dipping gently seaward, and 
thickening in the same direction. They rest unconformably on a pre- 
Cretaceous surface of crystalline and metamorphic rocks, which physi- 
ographers term the Fall Line peneplain.* Well borings through the 
Coastal Plain sediments show that this basement has everywhere a 
seaward slope,® and, when the depths at which it is reached in these 
borings is plotted, the data indicate that it is a “fairly close approxi- 


44 W. Johnson: Stream sculpture on the Atlantic slope (1931) p. 5-11. New York. 
%5N. H. Darton: Artesian well prospects, U. S. Geol. Surv., Bull. 188 (1896). 
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mation to a plain surface.’’** In Maryland and New Jersey the average 
seaward slope of this surface is 4214 to 50 feet per mile.” At Atlantic 
City the Coastal Plain wedge (post-Jurassic) has a thickness of more 
than 2306 feet, for a well drilled to that depth, 1,000 feet from shore, 
failed to reach the basement.'® Three wells at Crisfield, Maryland— 
1018, 1033, and 1040 feet, respectively—also failed to penetrate the 
sedimentary cover.’® Yet, 50 to 70 miles off the New Jersey—Maryland 
shore the canyon rims are cut in materials which lie only 300 to 600 
feet below present sea level. There are only two possible hypotheses as 
to what these materials may be: (1) the crystalline basement, and (2) the 
thick seaward portion of the Coastal Plain wedge. To warp up the 
basement from a depth of over 2300 feet at the line where the sedimentary 
rocks dip beneath the sea to the depth at which they could serve as 
canyon walls, implies a complete reversal of the structural trends which 
hold constant from New Jersey to the Gulf Coast. The natural assump- 
tion would be that structural conditions, as now known ashore, hold 
good for the whole continental shelf, and that the Coastal Plain wedge 
continues to thicken above the seaward-tilted crystallines and meta- 
morphics, eventually forming at least the upper part of the continental 
slope at the continental margin. Such being the case, sediments corre- 
sponding in age to those taken from the Georges Bank Canyons might 
be expected to form the actual walls of the southern canyons, and it would 
naturally be assumed that the material was obtained from the walls 
themselves and not merely from the fill of older cuts. 

Physiographic evidence makes it clear that whatever origin is attributed 
to one valley must be applicable to all, and the correspondence in depth 
makes it most probable that all the cutting took place at the same time. 
At the present writing, surveys as detailed as those carried out on Georges 
Bank have been made of three canyons to the south. One lies somewhat 
north of the mouth of the Chesapeake, and two are off the Maryland-New 
Jersey coast. Several others, vaguely indicated on the charts, as far south 
as Cape Hatteras, will undoubtedly prove to be of the same type, but the 
present soundings are too sparse to permit any definite conclusions about 
them. The three best charted southern valleys have the same general con- 
figuration and depth as those of Georges Bank, and all are cut back into 
the edge of the shelf to approximately the same distance. The detailed 


1%6G. T. Renner: Physiographic interpretation of the Fall Line peneplain, Geog. Rev., vol. 17 
(1927) p. 278-286. 

17N. H. Darton: op. cit., p. 281. 

18D. G. Thompson: Ground water supplies of the Atlantic City region, New Jersey. Dept. Con- 
servation and Development, Rept., Bull. 30 (1928) p. 27. 

WN. H. Darton: op. cit., p. 128. 
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1.—Statistical constants 


Millimeters 
Depth below 
Sample top of core So Log Sk 
(cms.) Qa Median Q 
CANYON I 
Core 1 
0-2 .145 .092 0105 3.72 —.75 
2-6 .037 -0064 .0006 7.85 —.27 
6-10 .046 -0062 .00036 11.30 —.37 
Core 2 
1. -056 -0092 .0027 4.56 
6-10.5 .021 .0043 -00044 6.91 .30 
10.5-15 .044 .0048 -00052 9.20 .00 
15- .0285 .0043 -00012 15.40 —.73 
Core 3 
Sec. 1 -086 .084 -032 1.64 —.41 
Sec. 2.. .090 .084 .048 1.37 —.21 
Sec. 3... .105 .078 -0195 2.32 —.47 
Sec. 4 .088 .077 -014 2.50 —.68 
Core 4 
0-4 .087 -047 .0056 3.94 — .66 
16-20 .094 .064 .025 1.94 —.24 
36 .4—40.5 .120 .060 .019 2.52 —.20 
CANYON II 
Core 5 
Sec. 1 -080 1.46 —.14 
Sec. 2 -025 1.94 —.24 
Sec. 3 .021 2.29 —.29 
Sec. 4 -0019 4.70 —.36 
Sec. 5 -0011 7.31 —.09 
Core 6 
Sec. 1 .086 1.54 .03 
Sec. 2 1.99 .20 
Sec. 3 -095 2.11 .03 
Sec. 4 .018 3.42 —.50 
Sec. 5 .0017 6.95 -06 
Sec. 6 20011 7.98 10 
00147 5.45 —.10 
Core 7 
27 .5-31.5 .070 .027 -0032 4.68 -.51 
56-60 -051 -016 4.51 —.30 
en 78-82 -036 .0088 .0024 3.88 .05 
93.5-97.5 -032 -0088 -0013 4.96 —.27 
112-116 -081 -012 -0016 7.11 —.05 
Core 8 
0-4 088 .033 1.72 —.38 
28.5-32.5 .188 .088 027 2.09 —.39 
54-58 .088 .074 -011 2.83 —.75 
79-83 .5 -100 062 009: 3.30 — .62 
Core 9 
Sec. .220 .185 .150 1.21 —.02 
Sec. 2. .230 .180 .135 1.30 —.02 
Sec. .180 -110 1.28 —.08 
Sec. -190 -160 -102 1.36 —.12 
Core 10 
0-4 .190 -130 .076 1.58 —.07 
22.5-26.5 .180 -135 .078 1.52 -.11 
ee 45-49 .185 -100 1.36 —.06 
Core 11 
0-5 .195 -130 .086 1.51 .00 
10.5-15 .130 -103 -064 1.42" -.11 
-039 0134 .0023 4.11 —.30 
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TaBLe 2.—Size fractions, based on percentage of total weight 
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Sand Silt Clay | Colloid i 
(.05- (.005- (.001- (0- 
1mm.) | .05 mm.) | .005mm.) | .001 mm.) 
66.5 13.2 7.0 13.3 i} 
20.4 32.6 17.0 30.0 i} 
22.5 28.9 14.3 33.8 ij 
24.8 31,5 41.5 0.0 
10.5 37.5 20.0 32.0 
13.0 36.2 18.8 32.0 
13.9 34.4 15.2 36.5 
71.0 17.3 7.7 4.0 i} 
74.7 17.3 4.0 4.0 
63.3 22.7 7.0 7.0 
64.6 19.4 10.0 6.0 iq 
47.4 29.3 21.7 1.0 
63.6 22.4 7.0 7.0 
57.0 27.8 9.2 6.0 
20.0 48.0 14.0 18.0 
80.2 10.8 4.0 2.0 
60.2 26.8 7.1 5.9 
61.0 25.0 10.0 4.0 
20.0 46.0 14.0 20.0 
27.0 29.0 19.0 24.0 
82.0 7.0 2.0 2.0 
77.1 5.9 4.0 3.0 
75.0 14.0 2.0 0.0 
64.0 17.5 9.0 7.5 
28.5 27:0 20.0 20.0 
25.5 28.2 17.3 26.0 
22.5 37.0 12.0 16.0 
60.7 20.0 6.0 8.0 
35.0 36.6 12.1 16.2 
24.5 40.5 13.5 20.0 
17.0 43.0 22:0 18.0 
17.2 42.8 16.8 22.2 
30.0 31.5 11.5 24.0 
73.0 17.2 78 2.0 
68.0 21.0 3.5 7.5 
58.0 25.6 8.4 8.0 
54.5 27.5 6.0 12.0 
93.5 3.0 3.0 0.0 
90.5 6.0 3.0 0.0 
89.0 7.5 2.5 1.0 
86.0 9.6 2.0 2.0 
86.0 10.3 | 2.4 
84.7 11.6 1.2 2.3 
87.0 8.5 0.5 4.0 
87.8 78 1.2 2.5 
77.7 12.3 7.5 2.5 
35.0 37.0 12.0 16.0 
18.5 47.5 14.0 20.0 ; 
(361) 
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survey of the Chesapeake canyon was extended farther seaward than any 
of the others, and, consequently, that canyon appears to have been cut to 
greater depths. 

GEORGES BANK AND THE GULF OF MAINE 


The origin of the series of fishing banks, stretching from Georges to the 
Grand Banks, has long provoked discussions. Many theories have been 
proposed to account for them, including terminal moraines and debris 
from melting shore ice and icebergs. Spencer ?° and Upham * consid- 
ered that they were submerged extensions of the Coastal Plain. 

The latter theory can now be substantiated, if one accepts as valid the 
arguments advanced in the preceding sections. The Upper Cretaceous- 
Tertiary contact is found between 600 and 480 meters below sea level. 
If 75 fathoms, or 137 meters, is taken as the average depth of water over 
the flat top of the shelf between the canyons, the entire thickness of 
sediments over the Upper Cretaceous at this point can not exceed 560 
meters. It is, of course, unlikely that the extreme top of the Upper 
Cretaceous was encountered at the exact start of the tow, and, further- 
more, allowance must be made for an undetermined thickness of glacial 
deposits. Therefore, the total thickness of Tertiary and Recent can 
not be more than 450 to 500 meters, and may well be much less. There 
are no data at present that can throw light on the total thickness of the 
sedimentary wedge over the basement crystallines at the continental 
margin. 

The evidence indicates that the continental shelf of this part of the coast 
has probably grown forward and upward after the manner of delta 
deposits. The fossiliferous material came, therefore, from what would 
correspond to the foreset beds, and the dip of these beds determined the 
initial angle of the continental slope. This angle was, doubtless, somewhat 
modified by erosion during the period of uplift, and, as shown by the youth- 
ful topography of the canyons, the period was brief. The persistence of 
these physiographic features indicates that present-day deposition is slow. 
This is further emphasized by the fact that this deposit was not thick 
enough to prevent the dredge from cutting through into glacial material 
on the upper slopes. At the present time the continental slope must there- 
fore be growing forward very slowly. 

The presence of the Gulf of Maine adds further difficulties to an already 
complicated problem. Johnson ** considers that the floor of the Gulf of 


2 J. W. Spencer: Submarine valleys off the American Coast and in the North Atlantic, Geol. Soc. 
Am., Bull., vol. 14 (1903) p. 207-226. 

21Warren Upham: The fishing banks between Cape Cod and Newfoundland, Am. Jour. Sci., 
8rd ser., vol. 47 (1894) p. 123-129. 
2D. W. Johnson: The New England-Acadian shore line, chap. 8 (1925). New York. 
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Maine has all the characteristics of a maturely dissected inner lowland, 
bounded on the seaward side by typical Coastal Plain cuestas facing 
north. Georges Bank is the largest of these, but the lowland contains many 
subordinate ones. The analogy with conditions in New Jersey would be 
close were that State to be submerged. Shepard ** subscribes in part to 
that opinion, but is inclined to attribute the present form of the basin to 
re-excavation of the old inner lowland by the ice sheet, assuming that it 
had been filled during the formation of the continental shelf. 

It is, of course, necessary to assume that, at some time prior to the 
deposition of the Coastal Plain wedge, the basement crystallines were 
eroded to form what is now a broad re-entrant in the coast line. Sub- 
sequent elevation and a second period of erosion would strip the thin edge 
of sedimentary from the crystalline rock, and at the same time cut the 
bordering cuestas, making the Gulf a true basin. The contact is now 
submerged below the waters of the Gulf, and everywhere along its shores, 
except for small stretches of glacial deposits, the ancient crystalline rocks 
are once more exposed. According to Johnson,™* present marine erosion 
of the shore line is negligible. 

The time necessary for excavating a large basin like the Gulf must have 
been many times that required for cutting narrow gorges. Similarly, if 
the Gulf had been formed after the canyons, the time necessary to produce 
it would have been more than sufficient to have permitted the grading 
back of the upper parts of the canyon walls, and to have largely obliterated 
the angle between them and the level surface of the shelf. An uplift of 
about 1200 feet, which is required for the Gulf, would bring the upper part 
of the canyon walls 600 to 800 feet out of water. Profiles show that the 
same V-shape that characterizes the lower part is continued to the top. 
Furthermore, it is reasonable to assume that all the canyons were cut dur- 
ing the same uplift, so similar are they in size and shape. The whole shelf 
must, therefore, have been out of water to permit this. If the Gulf and the 
canyons formed simultaneously, there is no good reason why the same 
physiographic features should not have developed in the equally broad 
expanse of soft sedimentary rocks farther south, especially as cuestas and 
inner lowlands are developing today on the subaerial portion of the 
Coastal Plain. 

If, as the evidence requires, one postulates a Gulf older than the canyons, 
he has then to explain why its floor, which must have stood at least 7000 
feet above sea level, is not more deeply trenched. The inner part is floored 
by hard basement crystalline rocks and would erode slowly, but the outer 


23F, P. Shepard, J. M. Trefethen, and G. V. Cohee: Origin of Georges Bank, Geol. Soc. Am., Bull., 
vol. 45 (1934) p. 287. 
%D. W. Johnson: op. cit. 
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part, especially in the region of the present cuesta face, being in all 
probability of weak sedimentary rock, might be expected to retain some 
trace of overdeepening had it occurred. A river draining the Gulf, with an 
outlet between Georges Bank and Browns, or between Browns and Cape 
Sable, would not have graded a channel across the shelf, if the arguments 
advanced for the case of the Hudson are valid, any more than the southern 
rivers have done. Deep trenching, therefore, could not take place in the 
floor of the Gulf, had no tilting occurred, until the outer gorge had been 
able to cut back into it by headward erosion. There is no evidence that 
any such channel ever entered the basin. In fact, the controlling depth 
of the southerly outlet, which is the deeper of the two, is somewhat shal- 
lower than parts of the Gulf itself. If this be a natural condition, and not 
due to later glacial fill, parts of the inner basin would have been a lake 
during the time of uplift. In all probability, there is a canyon, similar to 
the ones under discussion, opposite the outlet between Georges and Browns 
Bank. The abrupt changes in depth give every indication that one exists. 
However, present surveys are not adequate to show this feature with any 
degree of precision. 
SHIFTS IN LEVEL 


The difficulties in the way of an acceptance of the theory of fluviatile 
origin cannot be minimized in the least. To obtain a shift in level such as 
the presence of the canyons implies, only two courses are open: (1) an 
orogenic movement involving a very large portion of the eastern seaboard ; 
(2) a world-wide lowering and raising of sea level of enormous extent. 
This relative shift, amounting to more than 8,000 feet, must have occurred 
since the late Tertiary. The erosional unconformities that are found 
within the Coastal Plain, indicate that the continental shelf has oscillated 
somewhat, but that a shift of base level of the order of magnitude de- 
manded here could have taken place, runs counter to generally accepted 
theories. 

If one accepts the first alternative, the fact that all the canyons are cut 
to about the same depth implies that a segment of the earth’s crust, reach- 
ing from Georges, and possibly the Grand Banks, to Cape Hatteras, un- 
derwent a uniform elevation. So long a section with no differential move- 
ment discernible in its entire length is unusual. Furthermore, that portion 
of the Atlantic Coastal Plain which is now above sea level shows little 
evidence of any orogenic movements. If one assumes a like condition for 
the submerged portion, any movement which elevated the continental 
margin must have been in the form of a block uplift, or a simple tilt, with 
the fulcrum at, or west of, the Piedmont boundary. 

The other horn of the dilemma is equally difficult to avoid. A fall and a 
rise of sea level of the order of magnitude which the evidence demands, 
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coupled with the shortness of the time within which it must have taken 
place, approaches the catastrophic. 

Nevertheless, one must not forget that from the point of view of the 
physical oceanographer, submarine currents of the type demanded here, 
based on differential densities due to temperature and salinity, are equally 
unacceptable. Daly’s density currents call for special conditions to make 
them operative. Whatever may be the verdict of the future, one must at 
present regard the question as still subject to modification, and be slow to 
reject completely the testimony offered by the configuration of these 
valleys, evidence which under other conditions would scarcely be 
questioned. 

SUMMARY AND CONCLUSIONS 


(1) Fragments of a coarse sandstone (Lower Monmouth or Upper 
Matawan), of a glauconitic greensand (Navarro), of an indurated, green 
silt, not older than Miocene, and of an impure glauconitic sandstone, late 
Tertiary in age, were broken from the walls of the newly charted canyons 
cutting the southern margin of Georges Bank. 

(2) The contact between the Upper Cretaceous and the younger sedi- 
ments occurs between 480 and 600 meters below present sea level, and the 
total thickness of the younger sediments cannot be more than 450 to 500 
meters. 

(3) The fossiliferous material probably came from truncated strata 
forming the actual walls, and not from sheets of fill in an older cut. 

(4) Glacial and Recent materials mantle all the gentler slopes, but in 
several instances the older formations stand as cliffs with no covering of 
any sort. 

(5) Glacial erratics were not found on the valley bottoms. If present, 
the accumulation of fine sediments, due to quiet water conditions, has 
buried them. 

(6) A fine silt with a present-day Arctic foraminiferal fauna was 
encountered in several places in the valley bottom, under a thin cover of 
present-day sediment. It is probably made up of the finer particles 
derived from the melting of the Pleistocene ice sheets. 

(7) Due to the special topographic conditions of the continental shelf, 
any streams flowing across it could only have attained graded channels 
when the falls caused by the break in slope had worked headward through 
its entire width. The outer gorge of the Hudson is regarded as an illustra- 
tion of this point. 

(8) Many of the canyons may be due to ground-water sapping, aided 
by small streams working back into a plateau from the face of a scarp, 
rather than to large streams flowing out of the hinterland and cascading 
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down the continental slope. Many side canyons formed by this means are 
excellently shown on the United States Geological Survey topographic 
sheet of the Bright Angel quadrangle, Arizona. Origin by rifting or block 
faulting is extremely unlikely, and an origin due to density currents caused 
by differences in temperature and salinity is regarded as impossible. This 
does not apply to the theory recently put forward by Daly, in which the 
differential densities were obtained by sediment in suspension. This cur- 
rent would become operative under the special conditions which may have 
obtained during the Pleistocene. 

(9) The Gulf of Maine must have been in existence during the time of 
canyon-cutting, and the depth of the canyons indicates that its floor stood 
at least 7,000 feet above sea level. Deep trenching of its floor could not 
have occurred until the stream draining it had graded a channel across the 
shelf. 

(10) At least the upper part of Georges Bank is an extension of the 
Coastal Plain covered with a mantle of glacial debris. 

(11) At the present writing, the question of subaerial versus submarine 
origin of the canyons is regarded as still open. The evidence at hand does 
not warrant a complete rejection of either view. 


Museum or Comparative Zootocy, CamMBripce, Mass. 

MANUSCRIPT RECEIVED BY THE SECRETARY OF THE Society, Ocroper 18, 1935, 
Reap Berore THE GeoLocicaL Sociery, DecemBer 27, 1934. 
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INTRODUCTION 


The material from Georges Bank, described in this paper, was sub- 
mitted to John B. Reeside, jr., Chief of the Section of Paleontology of 
the United States Geological Survey, by Henry C. Stetson, Assistant 
Curator of Paleontology, Museum of Comparative Zoology, and Research 
Associate in Submarine Geology, and was subsequently placed in the 
writer’s hands for identification and description. The material was 
dredged by the ketch Atlantis on August 8, 1934, under the direction of 
Stetson, who, under the auspices of the Woods Hole Oceanographic Insti- 
tution, is in charge of their studies of sediments, past and present, on 
the Continental Shelf off the eastern coast of the United States. Stetson 
was assisted by Marshall Schalk. 
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Most of the material submitted consists of coarse, gray, conglomeratic, 
calcareous, fossiliferous sandstone. The fossils are preserved mainly in 
the form of molds, but the shells of Exogyra and a few other shells 
found in the inner, uncorroded portions of the sandstone, remain intact; 
one small piece of ferruginous, fossiliferous sandstone is reddish, fine 
grained, and evidently came from a layer distinct from the gray sand- 
stone. The gray and red sandstones were dredged from between depths 
of 480 and 596 meters (1574 to 1955 feet) at Latitude North 40°24’30”, 
Longitude West 69°07’30”. The method used in dredging precluded the 
determination of the exact depth of the fossil-bearing sandstone. The 
sea bottom at this locality forms a part of the west-facing slope of one 
of the several short deep submerged gorges which cut the edge of the 
Continental Shelf along the south side of Georges Bank. According to 
Stetson, the pieces of gray conglomeratic sandstone from which most of 
the fossils were obtained were broken by the dredge from a layer of rock 
“cropping out” in place on the sea bottom along the side of the gorge. 

The securing of identifiable fossils as old as Upper Cretaceous, from 
deeply submerged rock in place on the sea bottom, is a feat unique 
in the annals of fossil collecting and evidences the ingenuity and resource- 
fulness of the collector. 

Although many of the fossils are incompletely and imperfectly pre- 
served, fully 20 genera and subgenera of marine organisms are identi- 
fiable, and more than 30 species are represented. The recognition of this 
rather large number of organisms is made possible by the careful and 
skillful manner in which the material was prepared by F. Stearns Mac- 
Neil, of the United States Geological Survey, who also assisted in the 
generic determination of some of the pelecypods. 

The fossils obtained are not the first Upper Cretaceous fossils dredged 
from the Continental Shelf off the Atlantic Coast of North America. In 
1925, William H. Dall? published a list of Upper Cretaceous fossils 
from the eastern part of Banquereau, Nova Scotia. These fossils are the 
property of Peabody Museum, Yale University, and were kindly lent to 
the writer, by the Peabody authorities, with permission to prepare the 
material as seemed desirable, and to describe the fossils. 

The fossils from both Georges Bank and Banquereau were photo- 
graphed in the photographic laboratory of the United States Geological 
Survey by N. W. Shupe, and were retouched by Frances Wieser, of the 
same bureau. A few of the illustrations are brush drawings made by 
Miss Wieser. 


1W. H. Dall: Tertiary fossils dredged off the northeastern coast of North America, Am. Jour. Sci., 
5th ser., vol 10 (1925) p. 215. 
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FOSSILS FROM GEORGES BANK 
ENUMERATION AND SIGNIFICANCE 


The fossil organisms recognized in the sandstone from Georges Bank 
are as follows: 


VERMES: Cardium (Trachycardium) long- 
Serpula (probably two species) streett Weller? 
ECHINODERMATA: Cardium (Trachycardium) vaughani 
Hardouinia(?) stetsoni Stephenson Stephenson 
D.sp. Cardium (Trachycardium) sp. 
Mo : Cardium (Crinocardium) atlantica- 


Plethopora americana Bassler n.sp. 

(Pelecypoda) : 

Glycymeris subcrenata Wade 

Postligata schalki Stephenson n.sp. 

Postligata(?) greenensis (Stephen- 
son) 

Exogyra ponderosa erraticostata 
Stephenson 

Exogyra sp. 

Gryphaeostrea vomer (Morton) 

Trigonia sp. 

Anomia ef. argentaric Morton 

Liopistha sp. 

Crassatellites roodensis Stephenson 

Crassatellites? sp. 


num Stephenson n.sp. 
Cyclina parva Gardner? 
Tellina sp. a. 
Tellina sp. b. 
Tellina sp. c. 
Tellina (?) sp. d. 
Cymbophora sp. 
Donaz(?) atlantis Stephenson nsp. 
Corbula sp. a. 
Corbula sp. b. 


Mot.vusca (Gastropoda) : 


Polinices(?) sp. 

Turritella-like gastropods (5 or 6 
species, poorly preserved) 

Cerithium georgesensis Stephenson 


L.sp. 


The list indicates the presence of one genus of marine worm, probably 
represented by 2 species; one species of echinoid; one species of bryozoa; 
14 genera and subgenera of pelecypods, representing 23 or more species; 
and 3 or more genera of gastropods, probably representing 7 or 8 species. 

The few poorly preserved marine worm tubes (Phylum Vermes) from 
Georges Bank are referred to the genus Serpula Linnaeus; they are 
inadequate for determining the geologic age of the containing sandstone. 

The echinoid, Hardouwinia (?) stetsoni, the one representative of the 
phylum Echinodermata, indicates an Upper Cretaceous age; its nearest 
ally among previously described species is Hardouinia (?) emmonsi 
(Stephenson) ,? from the upper part of the Peedee formation (Ezogyra 
costata zone) of North Carolina. 

The bryozoan, Plethopora americana Bassler, described by R. 8S. Bass- 
ler on page 411, belongs to an Upper Cretaceous genus recorded from 
the Senonian of Europe. 

Among the bivalves (Pelecypoda), Postligata (?) greenensis (Stephen- 
son), Crassatellites roodensis Stephenson, Cardiwm (Trachycardium) 


2L. W. Stephenson: Additions to the Upper Cretaceous invertebrate faunas of the Carolinas, U, 8. 
Nat. Mus., Pr., vol. 72, art. 10 (1927) p. 7, pl. 3, figs. 3-8; pl. 4. 
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longstreeti Weller?, and C. (T.) vaughani Stephenson appear to be iden- 
tical with species restricted to the Snow Hill marl member of the Black 
Creek formation (upper part of Zxogyra ponderosa zone) of North Car- 
olina,? and to beds of equivalent age in the Atlantic Coastal Plain. 
Glycymeris subcrenata Wade occurs in the Coon Creek tongue of the 
Ripley formation (Ezogyra cancellata zone = lower part of Ezogyra 
costata zone) in Tennessee. Cyclina parva Gardner is present in the 
Monmouth formation (Ezxogyra costata zone) of Maryland, and in the 
Coon Creek tongue of the Ripley formation in Tennessee. Exogyra 
ponderosa erraticostata Stephenson is common in the upper part of the 
Exogyra ponderosa zone in the Atlantic and Gulf Coastal Plain, and in 
North Carolina ranges upward into the lower part of the Peedee forma- 
tion (Exogyra cancellata zone). Gryphaeostrea vomer (Morton) and 
Anomia argentaria Morton are long-ranging forms in the zones of Exo- 
gyra ponderosa and E. costata, and are not of value in close correlation; 
the former ranges from the Cretaceous well up into the Eocene. The 
new species are, of course, of no assistance in exact correlation. 

The fossils enumerated definitely prove the Upper Cretaceous age of 
the containing sandstone, and the weight of the evidence appears to 
indicate a stratigraphic position either in the upper part of the Erogyra 
ponderosa zone or in the lower part of the Exogyra costata zone (—Ezo- 
gyra cancellata zone). In terms of the New Jersey and Maryland Upper 
Cretaceous section this would correspond in age to the upper part of 
the Matawan group or to the lower part of the Monmouth group. In 
terms of the standard European time section it would be upper Campa- 
nian, or possibly lower Maestrichtian. 

The place nearest to Georges Bank at which Upper Cretaceous fossils 
have been found on land is on Martha’s Vineyard. These fossils are 
listed and discussed by the writer in the recent work of Woodworth 
and Wigglesworth.* Although the fossil-bearing beds at Martha’s Vine- 
yard have been greatly disturbed by the shove of glacial ice, they have 
not been moved far from their original position. They are interpreted 
as indicating an age corresponding to some undetermined part of the 
Matawan group of New Jersey. Only one species, Anomia argentaria 
Morton, is listed as common to the Martha’s Vineyard and the Georges 
Bank localities; at the latter locality the species is questionably identi- 
fied. 

Previous records of Cretaceous and Tertiary fossils® from the banks 
off the New England and Canadian coasts have been based on loose 


8L. W. Stephenson: The Cretaceous formations of North Carolina; Part I, Invertebrate fossils of 
the Upper Cret formati N. C. Geol. and Econ. Surv., vol. 5 (1923) p. 107, 273, 287, 289. 


«J. B. Woodworth and Edward Wigglesworth: The geology and geography of the Cape Cod region, 
Mus. Comp. Zoél., Harvard College, Mem., vol. 52 (1934) p. 150-155. 
5W. H. Dall: op. cit., p. 213-218 [includes references to other papers]. 


|. 
18 
7 
53 
| 


UPPER CRETACEOUS FOSSILS 371 


material, most of which had been brought to the surface entangled in 
fishermen’s trawls. The fossils thus obtained have been accepted as evi- 
dence of a completely submerged northeastward extension of the Coastal 
Plain, the last appearance of which above sea level is on the islands 
of the Cape Cod region. The fossils herein described, which were delib- 
erately dredged from rock believed to be in place in the side of a sub- 
merged gorge on Georges Bank, constitute further confirmatory evidence 
of the correctness of this interpretation. One may, therefore, picture 
the Coastal Plain as passing beneath sea level off the southern coast of 
New England and continuing to the northeast as a long series of banks 
(Georges, Browns, La Have, Emerald, Sable Island, Banquereau, and 
Grand Banks of Newfoundland), whose masses are mainly composed of 
a series of Cretaceous and Tertiary strata. 


SYSTEMATIC DESCRIPTIONS 
Phylum VERMES 


UNIDENTIFIED SPECIMENS OF Serpula LINNAEUS 
(Plate 1, figure 1) 


The internal and external molds of small sinuous Serpula tubes, which were 
originally attached to the inner surface of Glycymeris subcrenata Wade, are im- 
pressed in the internal molds of two shells. The larger of the two is 0.2 millimeter 
in diameter at the small end, and 0.5 millimeter in diameter at the large end. 
Crenulations along the margins of the external mold indicate that the outer surface 
of the tube was covered with fine, sharp growth ridges. (Figured specimen is 
Museum of Comparative Zoology, Specimen No. 1011; unfigured specimen, M.C.Z. 
1012.) 

The external mold of a fragment of a Serpula tube (M.C.Z. 1013), with part of 
the calcareous tube preserved and about half of the internal mold remaining in 
place, indicates a rapidly tapering tube with a rather thin tube wall. The frag- 
ment is 22 millimeters long, and the diameters at the small and large ends are 
respectively 2.5 and 5 millimeters. 

A fragment of the internal mold of another tube (M.C.Z. 1014) is 4 millimeters 
long and about 2 millimeters in diameter. 


Phylum ECHINODERMATA 


Hardouinia(?) stetsont Stephenson n.sp. 
(Plate 1, figures 2-4) 


Description—Test of medium size, broadly ovate in basal outline, moderately 
high and dome-shaped. Base broadly concave with peristome slightly in advance 
of the center; two broadly expanding concave areas radiate from the peristome 
to the ambitus, one on either side of a low posterior swelling, the plastron, which 
ends at the rear in a slight protuberance or subangulation below the periproct; 
a slight protuberance on the ambitus also marks the outer corner of each of the 
two concave areas at equal distances from the outer end of the plastron; the pro- 
tuberances and concave areas produce slight truncations on the ambitus on either 
side of the posterior center; the ambital outline in front forms an approximate 
semi-circle, and the lateral margins are slightly subtruncated. The test is slightly 
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humped above the periproct. Dimensions: Length 356 millimeters; width, 33.5 
millimeters; height, 16.6 millimeters. 

The petals are lanceolate, with a width of 3 to 3.5 millimeters a little above 
their mid-length, and they narrow down to 1.5 millimeters, or less, at their distal 
ends; they extend about 0.7 the distance from the apex to the ambitus. The pores 
in the petals form two double rows separated by a slightly raised area; the pores 
are small and are connected by very narrow furrows, which are narrower than the 
intervening ridges; the inner pore of each pair is nearly circular, and the outer 
one is noticeably elongated; the pore pairs are closely spaced, and the connecting 
furrows trend obliquely downward away from the center of the petal. The ambu- 
lacral areas from the lower ends of the petals to the peristome are obscured by 
corrosion and by sand-grain pitting, which have slightly damaged the whole surface 
of the test. The five floscelles surrounding the peristome may be obscurely seen 
and appear to be typical of the genus. The ambulacral and interambulacral plates 
are too obscure for description. 

The apical system is situated slightly in advance of the center; it is obscure, 
owing in part to corrosion and in part to a rather wide crack which cuts laterally 
across it. 

The peristome is not well preserved but is surrounded by five prominent oral 
lobes such as are typical of the genus. 

The periproct is circular, deep-set, of medium size and situated well above the 
ambitus; a broad shallow sulcus connects it with the ambitus. 

The test, exclusive of the pore bands on the petals is densely crowded with 
small tubercles and granules which, as preserved, are obscure over considerable 
parts of the surface; each of the tiny bosses appears to lie within a narrow scro- 
bicular circle. 

Remarks—This species is referred to Hardouinia Haime, on the authority of 
Lambert and Thiéry,® who, however, treated this group as a subgenus of Procassi- 
dulus Lambert and Thiéry; the latter assignment hardly seems justified if the 
published figures of Echinites lapiscancri Leske,’ the genotype, are accurate. The 
genotype of Hardouinia is Pygorhynchus mortoni Michelin, of which Cassidulus 
subquadratus Conrad is said by Lambert and Thiéry to be a synonym. The latter 
conclusion may be correct, but should be accepted with some reservation until 
the types of the two species are critically compared. 

Hardouinia(?) stetsoni is nearly identical in form with H.(?) emmonsi (Stephen- 
son) ® from the Peedee formation of North Carolina, but differs in its noticeably 
coarser pattern of tubercles over the entire surface; on a selected part of the surface, 9 
tubercles were counted in a distance of 3 millimeters, whereas on the corresponding 
part of H.(?) emmonsi there were 12 tubercles; 7 tubercles were counted across 
the widest part of one of the petals, as compared with 15 across the corresponding 
petal of H.(?) emmonsi. 

Type—Holotype, Museum of Comparative Zodlogy (M.C.Z. 3516), Harvard Col- 
lege, Cambridge, Massachusetts. 

Occurrence —Atlantic Ocean, Georges Bank, Latitude N. 40°24’30", Longitude 
W. 68°07'30”; dredged from between depths of 480 and 596 meters. 


® J. Lambert and | P. They: Essai de nomenclature raisonnée des échinides, Fasc. 5 (1921) p. 362. 

7A. d’Orbigny: tologie francaise, Crétacé, T. 6 (1853-1859) p. 327, pl. 925. 

8L. W. Steph : Additions to the Upper Cretaceous invertebrate faunas of the Carolinas, U. 8S. 
Nat. Mus., Pr., vol. 72, art. 10 (1927) p. 7, pl. 3, figs. 3-8; pl. 4. 
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Phylum MOLLUSCA 
Class PELECYPODA 


Glycymeris subcrenata Wade 
(Plate 1, figures 5-7) 


1926. Glycymeris subcrenata Wann, U. S. Geol. Surv., Prof. Pap. 137, p. 48, pl. 11, 
figs. 7 and 8. 

Description—Shell of medium size moderately depressed, subcircular in outline 
but generally slightly longer than high. Beaks small, protruding slightly above the 
hinge line, gently incurved, faintly prosogyrate, situated centrally. 

Hinge plate broadly arched, truncated above by the straight lower margin of 
the cardinal area; on an adult, about a dozen of the centrally located teeth are 
small, short, and transverse to the hinge line; away from these central teeth in 
both directions on the broader parte of the hinge the teeth become first longer and 
progressively more oblique, followed outwardly by successively shorter and more 
oblique teeth. Area amphidetic, broad centrally, straight on lower margin, orna- 
mented in an adult with 7 or 8 closely crowded chevron-shaped ligamental grooves, 
the posterior limb of each of which is the longer. 

Adductor scars high in the shell, subequal, somewhat elongated apically, each 
bounded on the inner side by a shallow radial sulcus. Pallial line simple. Inner 
margin weakly and rather finely crenulated. 

Surface nearly smooth, with fine incremental lines which tend to become coarser 
toward the ventral margin, and with fine, weak radiating lines on the least corroded 
portions; corroded specimens reveal coarser radiating structural lines within the 
shell substance, which correspond to the marginal crenulations. 

Approximate dimensions of the specimen shown in Plate 1, figure 6: Length, 34 
millimeters; height, 33 millimeters; convexity, 6.5 millimeters. 

Remarks—In form and in the smoothness of the shell, this species is essentially 
like Glycymeris subcrenata Wade,’ from Coon Creek, Tennessee. The inner margin 
of the holotype, the only specimen seen by Wade, is nearly smooth, but that shell 
is a half grown individual on which the crenulations have not become clearly dif- 
ferentiated; the stage at which the crenulations develop probably varies somewhat 
with different individuals. 

The two internal molds described by Weller,” under the name Azinea microdentus, 
appear to be closely allied to this species, but their surface characters are not pre- 
served, and they can scarcely be regarded as specifically identifiable. 

G. subcrenata is the most common of the fossils in the Georges Bank collection. 

Type—Holotype, U. S. National Museum Cat. No. 32733; from the Coon Creek 
tongue of the Ripley formation, at Coon Creek on the Dave Weeks farm, McNairy 
County, Tennessee. 

Occurrence on Georges Bank—Latitude N. 40°24'30”, Longitude W. 68°07’30” ; 
dredged from depths between 480 and 596 meters. Figured specimens, M.C.Z. 15076, 
15077, 15078; unfigured specimens, M.C.Z. 15079. 


® Bruce Wade: The fauna of the Ripley formation on Coon Creek, Tenn., U. S. Geol. Surv., Prof. 
Pap. 137 (1926) p. 48, pl. 11, figs. 7 and 8. 

10 Stuart Weller: A report on the Cretaceous paleontology of New Jersey, based upon the strati- 
graphic studies of George N. Knapp, N. J. Geol. Surv., Paleontology, vol. 4 (1907) p. 416, pl. 35, 
figs. 10 and 11. 
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Postligata schalki Stephenson, nsp. 
(Plate 1, figure 8) 


Description—Shell small, depressed, broadly subovate in outline, elongated in 
the postero-ventral direction. Beak small, nonprominent, slightly prosogyrate, sit- 
uated well forward. Lunule and escutcheon wanting. Antero-dorsal margin slightly 
subtruncated; anterior margin rather sharply rounded, passing below into the 
broadly rounded ventral margin; posterior margin rather sharply rounded below, 
passing above into a long, broadly arched postero-dorsal margin. Surface smooth 
with the exception of regular, closely spaced incremental threads. 

Hinge taxodont, the teeth numerous and arranged in two series; the anterior 
series is inclined downward and forward from the beak and curves gently, with the 
concavity on the upper side; the posterior series inclines downward and backward 
from the beak and is broadly arched upward. The area is narrow and obscure as 
preserved. Other internal features are not uncovered. 

Dimensions: Length, 7.4 millimeters; height, 7.5 millimeters; convexity, 2 milli- 
meters. 

Remarks—The species is based on one well-preserved left valve, and an incom- 
plete mold of a right valve. It differs from Postligata wordeni Gardner, and from 
P. crenata Wade, in the strong obliquity of the shell. 

Types—Holotype, Museum of Comparative Zodlogy, Harvard College, Cambridge, 
Massachusetts (M.C.Z. 15080); paratype (M.C.Z. 15081). Named in honor of Mar- 
shall Schalk, who assisted Stetson in his investigations on Georges Bank. 

Occurrence —Atlantic Ocean, Georges Bank, Latitude N. 40°24’30”, Longitude 
W. 68°07'30”; dredged from between depths of 480 and 596 meters. 


Postligata greenensis (Stephenson) 
(Plate 1, figure 9) 


1923. Glycymeris(?) greenensis SrepHeNnson, N. Car. Geol. and Econ. Surv., vol. 5, 
p. 107, pl. 18, figs. 9 and 10. ’ 

Description—Shell small, strongly depressed, very broadly subovate in outline. 
Beak small, nonprominent, very faintly prosogyrate, situated slightly in advance of 
the mid-length. Antero-dorsal margin inclined, slightly arched; anterior margin 
regularly rounded; ventral margin broadly rounded; posterior margin regularly 
rounded below, passing upward into the gently arched postero-dorsal margin. Sur- 
face smooth with only fine incremental lines. 

Hinge and dorsal margin waterworn, but the dentition is taxodont in the two 
series typical of the genus. Other internal features not uncovered. 

Dimensions: Length, 10.7 millimeters; height, 10.7 millimeters; convexity, 1.8 
millimeters. 

Remarks—Compared with Postligata schalki this shell is more broadly subovate, 
much less oblique, and less inflated. Since the original description of the species, 
which was based on one shell, the species has been found in considerable numbers 
in the Snow Hill marl member of the Black Creek formation, at Mars Bluff, Peedee 
River, South Carolina” 

Type—Holotype, Academy of Natural Sciences of Philadelphia; from the Snow 
Hill marl member of the Black Creek formation, at Snow Hill, Greene County, 
North Carolina. 


LL. W. Stephenson: Additions to the Upper Cretaceous invertebrate faunas of the Carolinas, U. 8. 
Nat. Mus., Pr. (No. 2706), vol. 72, art. 10 (1927) p. 4. 
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Occurrence on Georges Bank—Latitude N. 40°24'30”, Longitude W. 68°07'30” ; 
dredged from between depths of 480 and 596 meters. Figured specimen, M.C.Z. 
15082. 

Ezogyra ponderosa erraticostata Stephenson 
(Plate 1, figure 10) 


1914. Ezxogyra ponderosa var. erraticostata StepHENSON, U. S. Geol. Surv., Prof. 
Pap. 81, p. 49, pl. 15, fig. 4; pl. 16, figs. 1 and 2. 

1923. Exogyra ponderosa var. erraticostata StepHENSON, N. Car. Geol. and Econ. 
Surv., vol. 5, p. 171, pl. 47, fig. 1. 

Description—Shell of medium size, strongly convex, elongated in the direction 
of the height, rather thin for the genus; the beak has the characteristic twist of 
the genus, but is partly suppressed by the large scar of attachment. 

Hinge incompletely preserved, but apparently normal for the genus. 

Adductor scar large, subovate, situated high in the shell. 

Surface ornamented on the anterior and ventral slopes by strong, roughly irregular 
costae. The scar of attachment is large, occupying the upper half of the posterior 
slope; it is exceedingly irregular, due to the rough jagged surface of the object 
to which it was attached; the lower half of this slope is noncostate, but is roughened 
by irregular growth undulations. 

Dimensions: Length, 60+ millimeters; height, 78 millimeters; convexity, 29 milli- 
meters. 

Remarks—Compared with the type of the variety, this specimen is typically 
ornamented, but the costae are somewhat more strongly developed. The elongated 
outline suggests that the shell grew in a crowded position. 

This varietal form is of common occurrence in the zone of Exogyra ponderosa 
in the Atlantic and Gulf Coastal Plain, but in North Carolina it ranges upward 
into the basal part of the Peedee formation, where it is associated with Exogyra 
cancellata Stephenson and Exogyra costata Say. 

Type—tThe holotype is from the lower part of the Selma chalk (Ezogyra pon- 
derosa zone), a mile west of Cotton Gin Port, Monroe County, Mississippi (U. S. 
National Museum Cat. No. 31225). 

Occurrence on Georges Bank—Latitude N. 40°24'30", Longitude W. 68°07'30”; 
dredged from between depths of 480 and 596 meters. Figured specimen, M.C.Z. 
15083. 

Ezxogyra sp. 
(Plate 1, figure 11) 


Description—A small shell of Exogyra Say is strongly twisted and is ornamented 
on the steep anterior and ventral slopes with 11 weak, regular costae. Most of the 
posterior slope is affected by the scar of attachment, which is exceedingly rough and 
jagged. The surface of the shell toward the ventral margin appears to be abnor- 
mally thickened. Figured specimen, M.C.Z. 15084. 

Dimensions: Length, 36.8 millimeters; height, 32.5 millimeters; convexity, about 
13 millimeters. 

Remarks.—This specimen may perhaps be regarded as a small, nontypical repre- 
sentative of EL. costata Say, such as are occasionally met with in the zone of Exogyra 
ponderosa. 

Gryphaeostrea vomer (Morton) 
(Plate 1, figure 12) 


1828. Gryphaea vomer Morton, Philadelphia Acad. Nat. Sci., Jour., vol. 6, p. 83. 
1834. Gryphaea vomer Morton, Synop. Org. Rem. Cret. Group, p. 54, pl. 9, fig. 5. 
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Description——This species is represented in the collection by one incomplete inter- 
nal mold of a left valve in a coarse ferruginous sandstone. The same piece of rock 
bears the imprint of a large ribbed Cardium (Trachycardium) sp. The mold ex- 
hibits the characteristic backward twist of the beak of the species. The dimensions 
of the incomplete mold as preserved are: Length, 14 millimeters; height, 19 milli- 
meters. 

Remarks—This is one of the most common species in the Upper Cretaceous 
deposits of the Atlantic and Gulf Coastal Plain, where it is found both in the zone 
of Exogyra ponderosa and in the zone of E£. costata. It is one of the few species 
known to range from the Cretaceous into the overlying Eocene in New Jersey, 
Maryland, and the Gulf region. 

Type—Academy of Natural Sciences of Philadelphia. From the Vincentown 
sand (= “arenaceous strata”) of Eocene age, near New Egypt, New Jersey. 

Occurrence on Georges Bank.—Latitude 40°24'30”, Longitude 68°07'30”"; dredged 
from between depths of 480 and 596 meters. Figured specimen, M.C.Z. 15085. 


Trigonia sp. 
(Plate 2, figure 15) 

Description—The collection contains one incomplete young individual showing 
a series of transverse, slightly curved, finely crenulated ribs on the dorsal surface, 
a series of strong ribs on the side separated by wider interspaces, and curving 
downward and strongly forward, and a nearly smooth band, about a millimeter 
wide, separating the two series of ribs. The internal mold reveals the characteristic 
hinge of Trigonia Bruguiére. The specimen is related to Trigonia eufaulensis Gabb, 
from the Ripley formation at Eufaula, Alabama, but is too imperfect for precise 
identification. The length of the mold as preserved is 8+ millimeters. Figured 
specimen, M.C.Z. 15086. 


Anomia cf. argentaria Morton 
(Plate 1, figure 13) 


Description—One small, strongly convex left valve of Anomia Linnaeus may be 
a juvenile example of A. argentaria Morton. It is subcircular in outline and nearly 
smooth, but exceedingly faint, fine radial lines may be detected. The beak is 
situated somewhat back from the margin. 

Dimensions: Length, 8.7 millimeters; height, 89 millimeters; convexity, 3 milli- 
meters. 

Type—Academy of Natural Sciences of Philadelphia. From the Upper Creta- 
ceous (Matawan formation?) near St. Georges, Delaware. 

Occurrence on Georges Bank—Latitude N. 40°24'30”, Longitude W. 68°07'30” ; 
dredged from between depths of 480 and 596 meters. Figured specimen, M.C.Z. 
15087. 

Liopistha sp. 
(Plate 2, figure 8) 

Description—The external mold of a small fragment of shell exhibits strong, 
closely spaced ribs, each of which bears on its crest a row of small round tubercles, 
spaced about half a millimeter apart. As tuberculated ribs of this sort characterize 
Inopistha Meek, it is concluded that this fragment belongs to that genus. Figured 
specimen, M.C.Z. 15088. 
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Crassatellites roodensis Stephenson 
(Plate 1, figures 14-17) 


1923. Crassatellites roodensis StepHENSON, N. Car. Geol. and Econ. Surv., vol. 5, 
p. 273, pl. 68, figs. 1-4. 

Description—In point of numbers of individuals, this species is second only to 
Glycymeris subcrenata Wade, in the Georges Bank material. It is represented 
mainly by internal molds with, however, a few more or less imperfect external 
molds. 

Most of the specimens agree well in size, outline, and form with the holotype. 
The shell is elongated, subtrigonal, depressed convex. The beak is small and is 
situated in advance of the mid-length. The umbonal ridge is of moderate strength. 
The posterior of the shell is narrow and is sharply rounded at the extremity. 

Dimensions of the adult shell, the internal mold of which is shown in Plate 1, 
figure 15: Length, 41 millimeters; height, 29 millimeters. 

Remarks—The individuals vary somewhat in the proportion of length to height, 
in the position of the beak with respect to the length, and in the strength of the 
incrementals. The exterior mold of one young individual, about 17 millimeters 
long, exhibits unusually strong concentric ornamentation, and the molds of the 
still smaller shells, respectively 4.3 and 5 millimeters long, which may be the young 
of two species, are also strongly marked concentrically. 

Type—Holotype, U. S. National Museum Cat. No. 31747. The holotype is from 
Woolridge Landing (Roods Upper Bend), Chattahoochee River, Georgia. 

Occurrence on Georges Bank—Latitude N. 40°24'30”, Longitude W. 68°07'30" ; 
dredged from between depths of 480 and 596 meters. Figured specimens, M.C.Z. 
15089, 15090, 15091; unfigured specimens, M.C.Z. 15092. 


Crassatellites(?) sp. 
(Plate 2, figure 16) 


Description—Two internal pelecypod molds are too imperfect for generic identi- 
fication, but are somewhat suggestive of Crassatellites. The molds indicate a sub- 
equilateral, depressed shell of broadly subovate outline, with strongly impressed, 
subequal adductor scars. The best preserved mold is 25 millimeters long and 17 
millimeters high; the other mold is a few millimeters longer and higher. Figured 
specimen, M.C.Z. 15093; unfigured specimen, M.C.Z. 15094. 


Cardium (Trachycardium) longstreeti Weller? 
(Plate 2, figure 1) 


1907. Cardium longstreeti Wetier, N. J. Geol. Surv., Paleontology, vol. 4, p. 579, 
pl. 63, figs. 21 and 22. 

1923. Cardium (Trachycardium) longstreeti Weller? SrepHenson, N. Car. Geol. 
and Econ. Surv., vol. 5, p. 289, pl. 71, figs. 4-8. 

Description—The collection contains several internal molds which agree well in 
outline and form with Cardium longstreeti Weller, from the Wenonah sand, New 
Jersey, and the Snow Hill marl member of the Black Creek formation, North 
Carolina. 

The shell is of medium size, subcircular in outline, moderately convex. The beaks 
are moderately prominent, and the umbonal ridge is fairly well differentiated but 
is rounded on the crest. The inner margin of the shell is crenulated and indicates 
the presence of 34 or 35 radial ribs. The approximate dimensions of the figured 
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internal mold are: Length, 28 millimeters; height, 28 millimeters; convexity, 9 
millimeters. 

Remarks—This species belongs to a group of closely related Upper Cretaceous 
Cardiums which are generally found poorly preserved and are, therefore, difficult 
to identify with certainty. Other members of the group are Cardium donohuense 
Stephenson and Cardium marsense Stephenson. 

Type—Collection of the New Jersey Geological Survey, State Museum, Trenton, 
New Jersey. 

Occurrence on Georges Bank—Latitude N. 40°24'30", Longitude W. 68°07'30"; 
dredged from between depths of 480 and 596 meters. Figured specimen, M.C.Z. 
15095; unfigured specimens, M.C.Z. 15096. 


Cardium (Trachycardium) vaughani Stephenson? 
(Plate 2, figures 2, 3) 


1923. Cardium (Trachycardium) vaughani StepHenson, N. Car. Geol. and Econ. 
Surv., vol. 5, p. 287, pl. 70, figs. 1-5. 

Description—Nine internal molds and several imperfect external molds in the 
collection appear to represent this species. 

The shells are small to medium in size, somewhat elongated in the direction 
of the height, and moderately convex. The posterior margin is long and subtrun- 
cated. The beak is narrow and not very prominent, and the rounded umbonal 
ridge is somewhat elongated in the postero-ventral direction. The ribs number 
about 40. The figured internal mold measures: Length, 21.5 millimeters; height, 
23 millimeters; convexity, about 8 millimeters. 

Type.—U. 8. National Museum Cat. No. 31936; from the Snow Hill marl member 
of the Black Creek formation, Snow Hill, North Carolina. 

Occurrence on Georges Bank.—Latitude N. 40°24'30”, Longitude W. 68°07'30” ; 
dredged from between depths of 480 and 596 meters. Figured specimens, M.C.Z. 
15097, 15098; unfigured specimens, M.C.Z. 15099. 


Cardium (Trachycardium) sp. 
(Plate 2, figures 4, 5) 


Description—Several external molds of Cardium (Trachycardium) Mérch, includ- 
ing two large ones, are ornamented each with about 34 radial ribs which are more 
or less corroded, and not well enough preserved for specific identification. The 
internal mold corresponding to the best-preserved large external mold, a left valve, 
is also present in the collection. This form is broadly subovate in outline, a little 
higher than long, rather strongly and broadly inflated, and noticeably oblique in 
the postero-ventral direction; the greatest inflation is above the mid-height. The 
beak is of moderate breadth and strongly incurved, and the umbonal ridge is 
broadly rounded. These specimens do not appear to be assignable to any described 
species. Figured specimens, M.C.Z. 15100, 15101; unfigured specimens, M.C.Z. 
15102. 

The approximate dimensions of the left valve, shown in Plate 2, figure 4, are: 
Length, 35 millimeters; height, 37 millimeters; convexity, 12 millimeters. 


Cardium (Criocardium) atlanticanum Stephenson, n.sp. 
(Plate 2, figures 6, 7) 


Description—The description here given is based on one individual, preserved 
as an external and internal mold. The external view, shown in Plate 2, figure 6, 
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is a reproduction of a photograph of a gutta-percha squeeze made from the external 
mold. 

Shell of medium size, broadly subovate in outline, strongly and broadly convex, 
very slightly oblique. Beak moderately broad, not prominent, strongly incurved, 
nearly direct, situated at about the mid-length. Greatest inflation well above the 
mid-height; posterior slope steep, anterior slope a little less steep. 

Ligamental groove short, very narrow, deep, bordered above by a narrow, prom- 
inent ridge, which, in turn, is paralleled above by a narrow sulcus flaring slightly 
distally; the ligamental groove is bordered below by a short, stout nymph which 
is slightly indented on its inner slope. Hinge incompletely preserved, only the pos- 
terior part showing; a short, stout, but nonprominent lateral tooth lies back of the 
end of the ligamental groove; there is a suggestion of a broken cardinal tooth 
below the beak, and below the tooth may be seen the margin of a deep cardinal 
socket. 

Anterior and ventral margins broadly rounded; posterior margin subtruncated. 

Adductor scars of medium size, subequal, broadly subovate, situated high in the 
shell. Pallial line simple and lying well back from the margin. Inner margin 
strongly crenulated by the projecting rib ends. 

The outer surface is ornamented with 50 or more low to obscure, very narrow, 
radial ribs, separated by narrow interspaces bearing rows of spines of unequal prom- 
inence; the number of ribs can best be determined by counting the crenulations 
on the inner margin. Of the rows of spines, about 20 are strikingly more prom- 
inent than the others; all 20 rows increase in prominence distally. The spines of 
both the large and the small series are coarsest on the anterior slope, less coarse 
on the posterior slope, and least coarse in the intervening area. The spines in the 
large rows are thick and elongated and apically fuse together, forming pseudo-ribs; 
their thickened bases tend to obscure the weak immediately paralleling ribs. Over 
most of the shell, two rows of small spines intervene between two large rows, but 
a few single small rows occur between the large ones both on the anterior and on 
the posterior slopes. The small spines are low, weak, elongated, and tend to run 
together; they are strongest toward the outer margins, and fuse together into weak 
pseudo-ribs toward the beak. 

Dimensions: Length, 19.3 millimeters; height, 22 millimeters; convexity, about 
9 millimeters. 

Remarks.—This species differs strikingly from other described species of Cardium 
(Criocardium) in the great radial elongation of the spines, in the weak development 
of the true ribs, and in the fusing of the elongated spines to form pseudo-ribs. 

Type—Holotype, Museum of Comparative Zodlogy, Cambridge, Massachusetts 
(M.C.Z. 15103); paratype (M.C.Z. 15104). 

Occurrence—Atlantic Ocean, Georges Bank, Latitude N. 40°24'30”, Longitude 
W. 68°07'30” ; dredged from depths of 480 to 596 meters. 


Cyclina parva Gardner? 
(Plate 2, figures 9, 10) 


1916. Cyclina parva GarpNer, Md. Geol. Surv., Upper Cretaceous (2 vols.), p. 678, 
pl. 41, figs. 5 and 6. 
1926. Cyclina parva Gardner. Wane, U.S. Geol. Surv., Prof. Pap. 137, p. 87, pl. 27, 
figs. 2 and 3. 
Description—This description is based on one internal mold of a right valve. Shell 
small, subcircular, moderately inflated. Beak prosogyrate, incurved, situated at about 
the mid-length. Greatest inflation below the beak, a little above the mid-height. 
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Antero-dorsal slope steep; other slopes rounding down regularly from the point of 
greatest inflation. The impression of the interior is not completely preserved, but the 
pallial line is well back from the margin. The right hinge was fairly well preserved 
when the mold was first broken from the rock, but was badly damaged in making a 
gutta-percha squeeze. However, a fairly good impression was obtained, and is shown 
in Plate 2, figure 10. Two long, oblique anterior cardinal teeth are clearly shown; 
these correspond to the two anterior cardinals on Gardner’s Maryland species, but 
they appear to be proportionately a little longer; however, the type of the Maryland 
species is smaller, being only about 4 millimeters long; the posterior cardinal is 
obscure. The ligamental groove is of moderate length and is sharply impressed; it is 
bordered by a narrow but pronounced nymph. Surface not preserved, but may 
be safely assumed to be smooth. 

Dimensions: Length, 6 millimeters; height, 6.3 millimeters; convexity, about 18 
millimeters. 

Type.—Holotype, on deposit in the United States National Museum. 

Occurrence on Georges Bank—Latitude N. 40°24’30", Longitude W. 68°07'30" ; 
dredged from between depths of 480 and 596 meters. Figured specimen (M.C.Z. 
15106). 

UnwentiFiep SpectMens or Tellina 
(Plate 2, figures 11-14) 


Several small and large external and internal molds of shells belonging to Tellina 
Linnaeus are inadequately preserved for specific identification. 

One of the large shells (M.C.Z. 15107) is an incomplete left valve, 33.5 millimeters 
high, and is estimated to be about 55 millimeters long (Pl. 2, figs. 11, 12). It is 
depressed, with broad gentle slopes toward the anterior and ventral margins, becoming 
moderately steep on the postero-dorsal slope. The beak is low and nonprominent and 
is situated slightly in advance of the mid-length. The surface is marked with very fine 
growth lines, and centrally there is a group of 10 or 12 faint, wavy ridges trending 
backward and slightly downward, apparently independent of the growth lines. The 
anterior adductor scar is ovate and rather deeply impressed. The hinge presents one 
strong cardinal tooth directed downward and a little forward, and, although this tooth 
is badly water worn, it is probably weakly bifid. There is a faint indication of an 
external ligamental groove. 

An internal mold of a large right valve of Tellina (M.C.Z. 15108) is higher and more 
inflated than the one just described, and probably belongs to a different species 
(PI. 2, fig. 13). This shell is 55 millimeters long and 42 millimeters high. The hinge 
presents one thick cardinal tooth directed downward and backward, with a deep 
trigonal socket directly below the beak; a short, broad anterior lateral socket is 
bordered on either side by thick round-crested claspers. A broad, deep pallial sinus, 
very faintly preserved, extends a little beyond the mid-length of the shell. 

The external and internal molds of ond small incomplete right valve, apparently 
of Tellina (M.C.Z. 15109), are about 20 millimeters long (estimated) and 12.5 milli- 
meters high (PI. 2, fig. 14). The shell is moderately inflated for the genus, and the 
dorsal slopes are steep. The beak is nonprominent and appears to be about centrally 
situated. There is a fairly well-defined, narrow, slightly concave escutcheon; this is 
bordered on the postero-dorsal slope by a broad, very shallow, radiating sulcus; there 
is also an exceedingly faint radiating depression just in front of the scarcely defined 
umbonal ridge. The surface is marked only by fine growth lines, two or three of which 
are a little stronger than the others. The hinge is obscurely preserved but exhibits a 
well-defined triangular socket below the beak, between two ill-defined cardinal teeth; 
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the anterior cardinal appears to be separated from a short, narrow anterior lateral by 
@ pronounced gap; the posterior cardinal appears to be bifid, with an oblique socket 
back of it. 

A very small internal mold including both valves (M.C.Z. 15110) is questionably 
referred to Tellina. It is 4.1 millimeters long, 3 millimeters high, and about 1.9 
millimeters thick. The shell is subovate in outline, and the nonprominent beak is 
situated well in advance of the mid-length. Impressions on the mold indicate 
markedly irregular growth lines and undulations. 


Cymbophora sp. 
(Plate 2, figure 17) 


Two medium-sized external molds, one a right (M.C.Z. 15111, unfigured) and the 
other a left valve (M.C.Z. 15112, figured) appear to belong to an undescribed species 
of Cymbophora Gabb. They are subtrigonal in outline. The larger, the left 
valve, is approximately 28 millimeters long and 20 millimeters high. The main 
surface is marked with fine concentric growth lines, with coarser, irregularly spaced 
growth undulations toward the ventral margin, and with numerous very faint radial 
lines. The postero-dorsal slope is steep, forming almost a right angle with the plane 
of contact of the two valves, and the umbonal ridge is marked with strong, coarse 
growth ridges, each of which seems to be formed by the coming together of several 
of the small ridges. This form differs from Cymbophora trigonalis Stephenson ™ in 
its steeper postero-dorsal slope, its greater posterior inflation, its finer growth lines, 
and its apparent lack of coarse growth ridges on the antero-dorsal slope. 

A young shell of Cymbophora (M.C.Z. 15113) is represented in the collection by 
both the external and the internal molds. It is only 6 millimeters long and 5 milli- 
meters high, and is marked toward its ventral margin with fine sharp concentric 
growth lines. The hinge is not completely preserved but appears to be essentially 
like that of Cymbophora; the hinge elements are more attenuated than the corre- 
sponding elements of the hinge of C. trigonalis. This shell may be the young of the 
species represented by the larger shells described in the preceding paragraph. 


Donaz(?) atlantis Stephenson, n.sp. 
(Plate 3, figures 1-3) 


Description-—Shell of medium size, elongated, depressed, equivalve, strongly 
inequilateral. Beak broad, moderately prominent, strongly incurved, slightly 
prosogyrate, situated about two-thirds the length of the shell from the anterior 
extremity; the greatest inflation is a little back of the beak, above the mid-height, 
and the shell is strongly compressed anteriorly. The surface is marked by fine 
growth lines and a few stronger growth undulations and ridges; very fine, faint 
radiating lines can be detected in places. 

Antero-dorsal margin long, nearly straight, gently inclined; anterior margin sharply 
rounded; ventral margin long and very broadly rounded; posterior margin sub- 
angular below, subtruncated above; postero-dorsal margin broadly arched, steeply 
inclined. 

Hinge of right valve incompletely preserved, but exhibits a deep triangular socket 
below the beak, bordered behind by a narrow cardinal tooth directed downward and 
backward; back of this cardinal is an oblique, narrow, shallow socket. There is a 
well-developed, elongated anterior lateral socket with a strong bounding ridge below. 


12, W. Stephenson: The Cretaceous formations of North Carolina; Part I, Invertebrate fossils of 
the Upper Cretaceous formations, N. Car. Geol. and Econ. Surv., vol. 5 (1923) p. 336, pl. 85, figs. 1-6. 
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A short, rather deep, ligamental groove lies back of the beak. The internal mold 
reveals well-marked adductor scars, of which the posterior one is large and broadly 
subovate, and the anterior one smaller and more elongate. The pallial line lies low 
toward the ventral margin, and the pallial sinus is small, shallow, and subangular at 
its inner end. The inner margin appears to lack crenulations. 

Dimensions of the holotype: Length, 30 millimeters; height, 17 millimeters; con- 
vexity, about 4 millimeters. 

Remarks—aAlthough this species is probably not a true Donaz, its relationships 
appear to be with the Donacidae. Among the members of this group the hinge is 
quite variable in the number and strength of its elements; the laterals, for example, 
may be strong, weak, or absent. Another variable feature is the strength of develop- 
ment of the marginal crenulations; although generally present, they are weak on some 
species, and on some are practically wanting; on some, they are wanting in the 
young but appear at some later more adult stage. The small pallial sinus on the 
Georges Bank species is in contrast to the profound one on most Tertiary and Recent 
species. 

Although there is good reason for regarding this species as belonging to an unde- 
scribed genus, the material is hardly sufficiently complete or well enough preserved, 
to warrant making the species the type of a new genus. 

Types.—Holotype, Museum of Comparative Zodlogy, Harvard College, Cambridge, 
Massachusetts (M.C.Z. 15114). One figured paratype (M.C.Z. 15115). Unfigured 
paratypes (M.C.Z. 15116, 15117). 

Occurrence —Atlantic Ocean, Georges Bank, Latitude N. 40°24’30”, Longitude W. 
68°07’30”; dredged from depths of 480 to 596 meters. 


Corbula sp. (a) 
(Plate 3, figure 4) 


Description —The description is based on one incomplete external mold of a right 
valve (M.C.Z. 15118). Shell small, short, moderately and broadly inflated. Beak 
broad, strongly incurved; antero-dorsal slope very steep; umbonal ridge subangu- 
lar; postero-dorsal slope steep, slightly excavated. Anterior margin sharply rounded; 
ventral margin broadly rounded; posterior margin truncated with the nearly straight 
edge sloping a little forward. Surface ornamented with rather strong round-crested, 
closely-spaced, concentric ridges separated by sharply incised interspaces, narrower 
than the ridges. 

Dimensions: Length, 4.1 millimeters; height, 3.2 millimeters. 

This species is similar in sculpture to Corbula williardi Wade," but is less inflated, 
more elongated, and lacks the pronounced radiating sulcus which is present on that 
species immediately in front of the umbonal ridge. C. paracrassa Wade has a simi- 
lar, but coarser, type of sculpture, is shorter, more inflated, and has a shallow radiating 
sulcus in front of the beak. 


Corbula sp. (b) 
(Plate 3, figure 5) 


Description—One external mold of the left valve of a small Corbula Lamarck 
(M.C.Z. 15119), in the matrix surrounding the bryozoan species, Plethopora ame- 
ricana Bassler (p. 411), is incomplete only in the lower anterior portion. It is of 
median length and moderate inflation. Umbonal region broad, beak incurved and 


13 Bruce Wade: The fauna of the Ripley formation on Coon Creek, Tenn., U. S. Geol. Surv., Prof. 
Pap. 137 (1926) p. 97, pl. 31, figs. 17 and 18. 
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prosogyrate; umbonal ridge angular, somewhat sinuous; postero-dorsal slope steep, 
up-arched, and broadly excavated. Anterior margin sharply rounded; ventral margin 
nearly straight centrally, curving up somewhat toward the ends; posterior margin 
truncated with nearly straight edge inclined rather strongly forward. The mold 
includes a little of the beak and postero-dorsal margin of the right valve; there appears 
to be a narrow elongated escutcheon, and the slightly upturned edges of the two 
valves produce a postero-dorsal keel of moderate prominence. The surface is orna- 
mented only with rather fine, somewhat irregular growth lines. 

Approximate dimensions: Length, 5.5 millimeters; height, 4 millimeters. 

Two internal molds of about the same size as the external mold may belong to the 
same species (M.C.Z. 15120). 

The species is closely related to Corbula monmouthensis Gardner from the Mon- 
mouth formation of Maryland,” but it is only about half as large and is less sharply 
sculptured. 


Class GASTROPODA 


Polinices(?) sp. 
(Plate 3, figure 6) 


Description—One imperfect external mold of a small naticoid shell (M.C.Z. 27918) 
is inadequate for certain generic identification. The spire is low, and the conch 
expands rapidly; the body whorl is plump, and a narrow, shallow sulcus closely 
borders the suture. 

An internal mold of the body whorl of another small naticoid shell (M.C.Z. 27919) 
is plump just above the periphery and becomes slightly flattish above, toward the 
suture; it may belong to Polinices Montfort. The greatest diameter is 4.4 milli- 
meters. 

UNIDENTIFIED SPECIMENS OF Turritella-LIKE GASTROPODS 
(Plate 3, figures 7, 8) 


One fragment of the body whorl of a turreted shell (M.C.Z. 27920) probably belongs 
to the genus Turritella Lamarck (PI. 3, fig. 7). The whorl is about 8 millimeters high. 
The ornamentation consists of two small closely parallel spiral ribs on the periphery, 
two stronger ribs midway of the whorl, and a strong rib a little below the suture. 
The interspace between the peripheral pair of ribs and the median pair is shallow and 
of moderate width; the interspace between the median pair of ribs and the uppermost 
rib is broad and relatively deep. The base rounds abruptly in to the columella and 
bears three weak spiral ribs. The growth lines trend upward and backward to the 
middle of the broad upper interspace, where they curve strongly forward to the 
suture. 

The external mold of a turreted shell (M.C.Z. 27921), about 30 millimeters high and 
10 millimeters in maximum diameter, has the form of a Turritella (Pl. 3, fig. 8). The 
whorls are nearly flat on the sides and nearly smooth, and the sutural depression is 
narrow and shallow. The periphery is scarcely subangular, and the base rounds in 
abruptly to the columella. 

The external mold of parts of two whorls of a turreted shell (M.C.Z. 27922) is 
somewhat like the preceding one, but the sides are broadly convex, and the sutural 
depression is deeper; the largest whorl is 7.7 millimeters high. 


144 Julia A. Gardner: Correlation of the Upper Cretaceous formation, Md. Geol. Surv., Upper Cre- 
taceous, (2 vols.) (1916) p. 715, pl. 44, figs. 4-8. 
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Another internal mold of a turreted shell (M.C.Z. 27923), about 22 millimeters 
high, exhibits curiously corroded spiral lines which are not parallel to the sutures; it 
may be a Turritella. 

Still another internal mold (M.C.Z. 27924), about 16 millimeters high as preserved, 
is turreted like a Turritella and is ornamented with two broad, nonprominent broadly 
rounded spiral swellings on each whorl, separated by a broad shallow depression; the 
lower swelling is the stronger; the sutural depression is narrow and only moderately 
deep. 

A fragment of a very much water-worn turreted shell (M.C.Z. 27925), having a 
maximum diameter of about 6 millimeters, exhibits a broad spiral swelling around the 
lower two-thirds of the whorl, bordered above by a broad shallow depression; its 
generic relationship is indeterminate. 


Cerithium georgesensis Stephenson nsp. 
(Plate 3, figures 9, 10) 


Description—The description is based on a gutta-percha squeeze of an external 


mold. 
Shell small, slender, with 14 or more closely appressed whorls; protoconch not 


preserved. Sides of whorls nearly flat. Sutural depression rather broad and shallow. 
Each of the two larger, well-preserved whorls is ornamented with four moderately 
prominent primary spiral ribs, and each of the interspaces bears a narrow, weak 
thread; the spirals are crossed by weak axials, numbering 11 or 12 to half a whorl; the 
intersections of the axials with the primary spirals are marked by nodes, which are 
weak on the anterior spiral and increase slightly in strength on the three succeeding 
spirals above. Faint, broad axial swellings at wide intervals are probably incipient 
varices. The aperture is not preserved. 

Dimensions: Height, 14+ millimeters; diameter, 4+ millimeters. 

Remarks—The ornamentation on this species differs considerably from that on the 
few previously described Upper Cretaceous species of Cerithtum from the Coastal 
Plain. 

Type—Holotype, Museum of Comparative Zodlogy, Harvard College, Cam- 
bridge, Massachusetts (M.C.Z. 27926). 

Occurrence —Atlantic Ocean, Georges Bank, Latitude N. 40°24’30”, Longitude W. 
68°07’30” ; dredged from depths of 480 to 596 meters. 


FOSSILS FROM BANQUEREAU 
DISCOVERY, ENUMERATION, AND SIGNIFICANCE 


The Cretaceous fossils examined and reported upon by Dall in 1925,'* 
mentioned on a previous page, were obtained by Captain Ludwig Olson, 
of the schooner William Thomson, on the eastern part of Banquereau, 
Nova Scotia, from the bed of the ocean, at a depth of 200 fathoms. The 
material examined by Dall, consisted of several pieces of indurated, 
highly fossiliferous, finely arenaceous shell marl, largely made up of shell 
fragments; about a dozen species of fossils were partly exposed on the 
surfaces of these pieces. The rock is interpreted to have been a boulder 


15 W. H. Dall: Tertiary fossils dredged off the northeastern coast of North America, Am. Jour. Sci., 
5th ser., vol. 10 (1925) p. 213-218, 
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which had been torn loose from its mother ledge by the shove of glacial 
ice during one of the invasions of Pleistocene time. The recent careful 
preparation of this material by MacNeil has resulted in the recognition 
of additional well-preserved specimens, which previously had been con- 
cealed within the rock. The following is a revised list of the identifiable 
organisms thus made available: 


Revised list of fossils from Banquereau 


CoELENTERATA : Cyprimeria sp. 


Parasmelia(?) sp. 


VERMES: 


Serpula sp 


Mo (Pelecypoda) 3 


Acila banquereauensis Stephenson 
nsp. 

Nuculana piscatoria Stephenson n.sp. 

Breviarca scotiensis Stephenson n.sp. 

Pteria(?) dalli Stephenson n.sp. 

Ezogyra sp. (smooth, young individ- 
uals) 

Ezogyra sp. (costate, young individ- 
uals) 

Pecten (Camptonectes) microcancelli 
Stephenson n.sp. 

Liopistha sp. 

Etea sp. (aff. E. carolinensis Conrad) 

Lucina olsoni Stephenson n.sp. 

Tsocardia novensis Stephenson n.sp. 

Aphrodina marina Stephenson n.sp. 


Cyclorisma elongata Stephenson n.sp. 

Cyclorisma sp. 

Legumen intermedium Stephenson 
D.sp. 

Leptosolen sp. (aff. L. biplicatus 
Conrad) 

Corbula latona Stephenson n.sp. 

Corbula tethys Stephenson n.sp. 


Mo.uusca (Scaphopoda) : 


Dentalium sp. (ribbed) 
Dentalium sp. (small, smooth) 


Motuusca (Gastropoda) : 


Turritella macneili Stephenson nsp. 

Turritella thomsonina Stephenson 
L.sp. 

Anchura pontana Stephenson n.sp. 

Volutoderma(?) venusta Stephenson 
nsp. 

Avellana pelagana Stephenson n.sp. 

Unidentified young gastropods 


This list includes one imperfectly preserved coral of the subclass Hexa- 
coralla, questionably referred to Parasmelia; fragments of marine worm 
tubes, probably Serpula; at least 16 genera, representing 19 species of 
pelecypods, 12 described as new and the others unidentified; two uniden- 
tified species of scaphopods of the genus Dentalium; and at least 7 
genera of gastropods, 3 unidentified, representing 8 species, 5 described 
as new, and the others unidentified. Only 5 genera, Serpula, Exogyra, 
Liopistha, Corbula, and Turritella(?), and no species, are common to 
the Banquereau and Georges Bank lots. 

The worm tubes are not diagnostic of the age of the containing rock. 

The assemblage of pelecypods is clearly an Upper Cretaceous one, and 
the species referred to the genera, Breviarca, Exogyra, Etea, Aphrodina, 
Cyprimeria, Cyclorisma, Legumen, and Leptosolen, definitely ally the 
fauna with the Upper Cretaceous series of the Atlantic and Gulf Coastal 
Plain. The genus Acila Adams has not previously been reported from 
this region, and has generally been looked upon as essentially Pacific 
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in its geographic range, both fossil and Recent; one species of Acila, 
however, which is specifically quite distinct from the Banquereau one, 
has been recorded from the Upper Cretaceous (Gault) of England. 

Although the Woodbine sand of Texas is geographically far distant 
from Nova Scotia, several elements in the Banquereau fauna are sug- 
gestive of an approximate age relationship with a largely undescribed 
fauna from the upper part of the Woodbine. Pteria(?) dalli, for ex- 
ample, is very close to a large Woodbine Pteria(?); Cyprimeria sp. is 
similar to a species in that formation; Turritella macneili and T. thom- 
sonina are analogous to one or more noded species in the Woodbine; per- 
haps the strongest evidence of this age relationship is afforded by Volu- 
toderma(?) venusta, a volutoid species congeneric with a well-preserved 
Woodbine species belonging to a section of Volutoderma which has not 
been found in younger beds anywhere in the Atlantic and Gulf Coastal 
Plain. 

There is general agreement that, in terms of the European classifica- 
tion, the Woodbine sand is of Cenomanian age. The Tuscaloosa forma- 
tion of the eastern Gulf and south Atlantic regions, and the Raritan 
formation of Maryland, Delaware, and New Jersey, have been corre- 
lated with the Cenomanian, but, with the exception of prints of Ostrea 
sp. and Modiolus sp., at one locality in the Tuscaloosa of Alabama, no 
brackish-water or marine faunas have been found in either of these 
formations; the correlation has been made on the basis of prolific fossil 
floras studied by E. W. Berry. In view of the probable Cenomanian 
age of the Tuscaloosa and Raritan formations, the finding of an Upper 
Cretaceous marine fossil fauna off the coast of Nova Scotia, having 
affinities with the fauna of the Woodbine, suggests the possibility that 
the Banquereau rock is a submerged marine representative of the Raritan 
formation. The Banquereau fauna is, therefore, tentatively correlated 
with the Cenomanian. 


SYSTEMATIC DESCRIPTIONS 
Phylum COELENTERATA 


Parasmelia? sp. 
(Plate 3, figure 11) 


The corals are represented in the Banquereau material by one small, very imperfect 
cone-shaped specimen belonging to the Hexacoralla and suggestive of the genus 
Parasmelia in the family Trochosmiliidae (Yale, Peabody Museum 14801). The ribs 
are numerous and distinct and alternate in size; they are obscurely beaded as 
preserved. Dimensions: Height, about 9 millimeters; maximum diameter, 8+ 
millimeters. 


Phylum VERMES 


One fragment of a smooth, straight, calcareous tube is 12 millimeters long and 5.5 
millimeters in maximum diameter. The tube wall is of moderate thickness, and the 
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nearly smooth surface is marked only with fine growth lines which pass somewhat 
obliquely around the tube. The tube appears to be that of a Serpula. Another simi- 
lar, but shorter, tube is 6 millimeters in diameter (Y.P.M. 14802). 

Three small, sinuous tubes, apparently of Serpula (Y.P.M. 14803), are present; one 
of them is 33 millimeters long and 2.3 millimeters in diameter. 


Phylum MOLLUSCA 
Class PELECYPODA 


Acila banquereauensis Stephenson, n.sp. 
(Plate 3, figures 12-14) 


Description—Shell of medium size, thick, subovate in outline, equivalve, strongly 
inequilateral, greatly elongated anteriorly, moderately convex, greatest inflation a 
little back of the beak and a little above the mid-height. Beaks small, nonpromi- 
nent, incurved opisthogyrate, situated far toward the posterior end. Lunule obscure. 
Escutcheon wide, heart-shaped, extending nearly to the posterior base, bordered by a 
distinct, subangular ridge which is paralleled within on each valve by a shallow, 
radiating depression. Antero-dorsal margin long, broadly arched; anterior margin 
sharply rounded; ventral margin broadly rounded; posterior margin steep, subtrun- 
cated but bulging slightly. The hinge is imperfectly preserved, but the taxodont 
teeth are divided into two series, a long broadly arched anterior one, and a short 
slightly arched, steeply descending posterior one; the two series appear to be sepa- 
rated by a narrow, triangular chondrophore which trends obliquely forward and a 
little downward. Inner margin finely crenulated. 

The growth lines are fine above, passing below into coarse, irregularly spaced 
ridges; very fine, obscure radial lines cross the growth lines. The whole surface is 
further ornamented with a system of fine, closely spaced, irregularly zig-zag ridges, 
which, though roughly concentric, trend independently of the growth lines; although 
there is considerable individual variation in the angulations of these ridges, all the 
available shells exhibit one line of angulations more prominent than the others, situ- 
ated a little in advance of the mid-length, and directed beakward; this angulation 
is, however, much less extreme in its upward reach than the similar feature on most 
other species of Acila. 

Dimensions of the holotype: Length, 159 millimeters; height, 13 millimeters; 
thickness, 9.4 millimeters. 

Remarks.—This is the first recorded occurrence in the Atlantic region of North 
America of a nuculid shell having a zig-zag type of ornamentation. This ornamen- 
tation, although essentially of the same nature as that characterizing the genus Acila 
H. and A. Adams,” does not exhibit the extremes of angulation which characterize the 
typical species of that genus. Although the angulations are more numerous and irregu- 
lar than on either Acila, sensu stricto, or on Acila (Truncacila) Schenck,” those on 
successive ribs do exhibit a rough beakward alignment. The writer doubts the 
correctness of classing the so-called divaricate ribs of Acila as radial ribs in the usual 
sense. They appear to be independent of both radial and concentric sculpture. 

The living representatives of Acila are restricted to the Indo-Pacific region. Al- 
though regarded as essentially a Pacific genus, it has been recorded from the Creta- 
ceous (Gault) and from the Pliocene, of England. 


16H. and A. Adams: Generic Record of Molluscs, vol. 2 (1858) p. 545. Type, Nucula divaricata 
Hinds. 

17H. G. Schenck, in U. S. Grant and H. R. Gale: Catalogue of the marine Pliocene and Pleistocene 
Mollusca of California, San Diego Soc. Nat. Hist., Mem., vol. 1 (1931) p. 115. 
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The Banquereau material yielded no specimens which are closely related to either 
Nucula amica Gardner or N. stantoni Stephenson, as indicated in Dall’s published 
list. 

Types——Holotype (Y.P.M. 14804); one figured paratype (Y.P.M. 14805); four 
unfigured paratypes (Y.P.M. 14806). Peabody Museum, Yale University, New 
Haven, Connecticut. 

Occurrence —Atlantic Ocean, on the eastern part of Banquereau, Nova Scotia; from 
a loose boulder brought up in a fisherman’s trawl, from a depth of 200 fathoms. 


Nuculana piscatoria Stephenson, nsp. 
(Plate 3, figures 15, 16) 


Description —Shell small, elongate, moderately convex, slightly constricted pos- 
teriorly, with greatest inflation below the beak well above the mid-height. Antero- 
and postero-dorsal slopes steep. Beaks broad, moderately prominent, strongly 
incurved, direct, approximate, situated slightly in advance of the mid-length. Umbonal 
angle about 130 degrees. Antero-dorsal margin slightly arched; anterior margin 
sharply rounded above the mid-height; ventral margin broadly rounded, the curve 
being a little stronger anteriorly than posteriorly; posterior extremity very sharply 
rounded; postero-dorsal margin long, nearly straight, slightly keeled. 

Surface nearly smooth, but faint growth lines and ridges can be detected and these 
are a little stronger anteriorly than elsewhere. 

Dimensions of the holotype, which includes both valves: Length, 6.4 millimeters; 
height, 4 millimeters; thickness, 3 millimeters; the largest paratype, a right valve, is 
79 millimeters long and 48 millimeters high. 

Remarks —This small, simple, and nearly smooth Nuculana appears to be specifi- 
cally different from any previously described Cretaceous shell of this genus. 

Types.—Holotype (Y.P.M. 14807) ; 5 paratypes (Y.P.M. 14808). Peabody Museum, 
Yale University, New Haven, Connecticut. 

Occurrence —Atlantic Ocean on the eastern part of Banquereau; from a loose 
boulder brought up in a fisherman’s trawl, from a depth of 200 fathoms. 


Breviarca scotiensis Stephenson, n.sp. 
(Plate 3, figures 17, 18) 


Description—Shell small, of medium thickness, moderately inflated, subquadrate 
in outline, longer than high, slightly inequilateral, nearly equivalve, the left valve 
slightly overlapping the right around the ventral and terminal margins. Beaks broad, 
moderately prominent, incurved, direct, markedly separated, situated about 0.45 the 
length of the shell from the anterior extremity. Umbonal ridge angular near the beak, 
becoming rounded to broadly rounded distally. Antero-dorsal slope steep; anterior 
and ventral slopes rounding down broadly to the margins; postero-dorsal slope steep 
near the beak, slightly excavated radially, flattening out noticeably toward the rear; 
greatest inflation below the beak, well above the mid-height. 

The hinge is rather narrow, and the numerous taxodont teeth are typical of the 
genus. 

Cardinal area amphidetic, long and narrow, very broadly arched above, straight 
below; the ligament occupies a small, asymmetrical slightly incised triangular space on 
the cardinal area below the beak, the base of the triangle being about two-fifths the 
length of the straight upper margin of the hinge; the ligamental area is striated normal 
to the hinge line, and is slightly longer back of, than in front of, the beak. 

The interior features are concealed by the matrix. 


Bre 
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Anterior margin regularly rounded; ventral margin broadly rounded; posterior 
margin sharply rounded below, truncated and sloping forward above. 

The surface is ornamented with rather strong, sharp, closely spaced growth ridges, 
and by numerous, fine, weak, radiating lines. 

Dimensions of holotype, a left valve: Length, 10.2 millimeters; height, 7 milli- 
meters; convexity, 3.1 millimeters. Dimensions of a nearly complete young paratype: 
Length, 6.8 millimeters; height, 4.8 millimeters; thickness, 3.7 millimeters. 

Remarks—Dall compared this species with Striarca umbonata (Conrad), (=Trigon- 
arca (Breviarca) umbonata Conrad),” from which it differs in the following respects: 
The shell is proportionately longer and somewhat less inflated; the umbone is broader, 
and the postero-dorsal slope less steep; the postero-ventral margin curves upward less 
strongly; the radial lining is a little more distinct; and the average size is smaller. 

In 1923,” the writer referred Trigonarca (Breviarca) umbonata Conrad and five 
other species to the genus Striarca, a Maryland Miocene genus. Further consideration 
has convinced him that differences in form and ornamentation justify the retention of 
the generic name Breviarca Conrad, for the Upper Cretaceous ark shells having trans- 
versely striated ligamental areas. 

Types—Holotype (Y.P.M. 14809) ; 18 paratypes (Y.P.M. 14810). Peabody Museum, 
Yale University, New Haven, Connecticut. 

Occurrence —Atlantic Ocean, on the eastern part of Banquereau, Nova Scotia; from 
a loose boulder brought up in a fisherman’s trawl, from a depth of 200 fathoms. 


Pteria(?) dalli Stephenson, n.sp. 
(Plate 3, figures 19, 20) 


Description—Adult shell large, subtrigonal in outline, thick in the umbonal 
region, thinning toward the margins, moderately inflated, inequivalve, inequilateral. 
Beaks only moderately prominent, incurved, strongly prosogyrate, approximate, 
situated about one-third the length of the hinge line from the anterior extremity. 
The left valve is noticeably more inflated than the right. The main inflation of 
each valve extends downward and obliquely backward from the beak; the shell is 
narrow but round-crested in the umbonal region and expands regularly, becoming 
more broadly rounded toward the ventral margin; the upper anterior portion of 
each valve extends forward in the form of a strongly compressed, triangular wing; 
on right valves, the anterior wing is separated from the main body by a radial, 
subangular sulcus; the upper posterior portion of the shell expands backward, 
sloping gently away from the main body, and becoming strongly compressed 
distally. 

Hinge long, straight, and proportionately narrow, reaching a width of 9 or 10 
millimeters on very large shells; it is longitudinally striated. In adults the liga- 
ment occupies a shallow depression on the hinge extending from just below the 
beak backward for at least two-fifths the distance to the extremity; the forward 
end of the ligament is bounded by an oblique line which extends in a gentle slope, 
from below the beak, backward and downward to the inner margin. On the hinge 
of one small right valve a series of four elongate-ovate ligamental pits, partly 
separated from each other, show that in the younger stages the ligament is multi- 
vincular; it appears that in later stages these merge to form one long ligament, 


%8T, A. Conrad: Descriptions of new genera and species of fossil shells of North Carolina...... 
in W. C. Kerr: Report of the geological survey of North Carolina, vol. 1, Appendix A (1875) p. 3, 
pl. 1, fig. 8. 

19 L. W. Stephenson: The Cretaceous formations of North Carolina; Part I, Invertebrate fossils of 
the Upper Cretaceous formation, N. Car. Geol. and Econ. Surv., vol. 5 (1923) p. 114, pl. 20, figs. 14-20.° 
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occupying a continuous shallow pit. Although Cretaceous shells having the form of 
this species are generally referred to the Recent genus Pteria (or its synonym 
Avicula), the multivincular hinge in the young stage throws grave doubts on the 
correctness of this reference. 

On the inner margin of the hinge of the left valve, 2 or 3 millimeters in front 
of the beak, is a slightly elongated tooth, which bulges downward below the lower 
hinge margin; this tooth is set off from the hinge surface above by a narrow, 
shallow channel, the ends of which are sunken into somewhat deeper socket-like 
depressions in front of, and behind, the tooth. The corresponding part of the 
hinge of the right valve is poorly preserved in the available specimens, but there 
appears to be a socket to receive the tooth of the left valve, and obscure teeth 
to fit into the depressions at either end of the tooth of that valve. 

A pair of small, profoundly excavated muscle scars are situated high up in each 
valve, just below the beak; the two are quite close together, the posterior one 
being a little lower than that of the anterior. A row of small, closely spaced pits 
extends from the anterior one of these scars, in a gentle curve, downward and a 
little backward; these pits mark the pallial line and are the scars of attachment 
of muscles connected with the pallial system. The large posterior adductor scar 
is not uncovered on the available material. 

The smooth outer surface of the shell is marked only by fine, obscure growth 
lines. 

The available shells are all too incomplete for accurate measurement. The holo- 
type, a left valve shown in Plate 3, figure 19, has a convexity of about 20 milli- 
meters, and its hinge is at least 75 millimeters long; a fragment of another left 
valve has a convexity of about 27 millimeters, and a wider hinge than the holo- 
type, and must pertain to a much larger shell. 

Remarks—The exterior of the left valve, shown in Plate 3, figure 19, was ex- 
posed on one side of the piece of rock which was examined by Dall, but the hinge 
was not seen by him; this appears to be the shell which he identified as Gryphaea 
vesicularis Lamarck. In addition to this shell, the rock yielded two other left 
valves and four right valves of the same species. Only two of the available shells, 
both left valves, are adults. 

A closely related, large, undescribed Pteria(?) occurs in the upper part of the 
Woodbine sand of Tarrant County, Texas. It is not so strongly inflated, and the 
shallow ligamental pit extends farther forward on the hinge plate; it, too, is multi- 
vincular in the young stages. 

The holotype of Pteria(?) gastrodes (Meek), from rocks of Colorado age near 
Coalville, Utah, appears to be a less opaque species than P.(?) dalli, but its form has 
been somewhat altered by mechanical crushing. 

Types—Holotype, a large left valve (Y.P.M. 14811); 8 paratypes, 2 left valves, 
4 right valves, and 2 hinge fragments, one large (Y.P.M. 14812). Peabody Museum, 
Yale University, Connecticut. Named in honor of the late William H. Dall. 

Occurrence —Atlantic Ocean, on the eastern part of Banquereau, Nova Scotia; 
from a loose boulder brought up in a fisherman‘s trawl, from a depth of 200 
fathoms. 

Exogyra sp. (smooth) 


The collection includes three small, smooth left valves belonging to the genus 
Ezogyra Say. The largest (PI. 4, fig. 1) is badly distorted, having been attached 
over a proportionately large area to a smooth, broadly curved object, probably 
another shell (Y.P.M. 14813); it is elongated in the direction of the height (maxi- 
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mum dimension, 23.5 millimeters) and has a strongly curved beak; it might well 
be the young of any one of several smooth species of Ezogyra. 

The other two shells are much smaller and are not distorted by the scars of 
attachment, which are very tiny (Y.P.M. 14814); they are proportionately high and 
narrow and have sharply twisted beaks; their maximum dimensions are respectively 
68 and 9 millimeters. 


Exogyra sp. (costate) 


One small left valve (Pl. 4, fig. 2) of an Ezogyra is finely and regularly costate. 
It is a strongly inflated shell and has its umbone and posterior slope distorted by 
attachment to the apical portion of a gastropod (Y.P.M. 14815). This shell may 
be the young of any one of several species of Exogyra whose surfaces are ornamented 
or partly ornamented with costae. Dimensions: Length, 13 millimeters; height, 
12.5 millimeters; convexity, 7 millimeters. 

Another left valve, only 8.4 millimeters high, is smooth except in a narrow band 
adjacent to the ventral margin, where it is distinctly costate. Still another small 
fragment is costate (Y.P.M. 14816). 


Pecten (Camptonectes) microcancellt Stephenson, n. sp. 
(Plate 3, figures 21, 22) 


Description——Shell small, moderately thick, subcircular in outline, depressed, con- 
vex, subequilateral, slightlv inequivalve. Beaks small, nonprominent, direct, situ- 
ated centrally. Antero- and postero-dorsal slopes low, but steep, meeting the aural 
surfaces almost at right angles, and forming subangular sulci which diverge from 
the beak at an initial angle of 83 degrees. Ears incomplete on all specimens, but of 
moderate size. The byssal sinus at the base of the anterior ear of the right valve 
forms a sharp notch of medium depth. Interior of shell not uncovered. 

Surface of both valves microscopically cancellated with very fine, regular, closely 
spaced, concentric growth ridges, every fourth, fifth, or sixth one of which tends to 
be a little stronger than the intermediate ones; the concentric ridges are crossed 
by still smaller and finer, closely packed, radiating riblets, which curve strongly 
around to the upper margins as in the typical Camptonectes. The concentric ridges 
number about 15 to the millimeter, and the radiating riblets 28 or 30 to the milli- 
meter. On the ears, both the radiating and the concentric ribs are coarser and 
stronger than they are on the main body of the shell. Dimensions of the holotype: 
Length, 7. millimeters; height, 78 millimeters; convexity, about 18 millimeters. 

Remarks—This species differs in its exceedingly fine cancellated ornamentation 
from any previously described species of Pecten from the Cretaceous of the Atlantic 
and Gulf Coastal Plain. 

Type—Holotype, a right valve (Y.P.M. 14817); three paratypes, two left and 
questionably a right valve (Y.P.M. 14818). Peabody Museum, Yale University, 
New Haven, Connecticut. 

Occurrence —Atlantic Ocean on the eastern part of Banquereau, Nova Scotia; 
from a loose boulder brought up in a fisherman’s trawl, from a depth of 200 
fathoms. 


Liopistha sp. 


The genus Liopistha Meek is represented in the collection by two fragments, each 
of which is ornamented with weak to obscure radiating costae, bearing on their 
crests the scars of the characteristic small tubercles which ornament the ribs of this 
species. The fragments are inadequate for specific determination. (Y.P.M. 14819.) 
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Etea sp. 
(Plate 4, figures 3, 4) 


The genus Etea Conrad is represented by one incomplete moderately large right 
valve and a fragment of another individual. The shell is considerably longer than 
high, and subovate in outline. Beak broad, nonprominent, incurved, prosogyrate, 
situated well in advance of the mid-length. Umbonal ridge angular, sharply defined 
but not prominent. Postero-dorsal slope long, narrow, slightly and broadly ex- 
cavated. 

The hinge is essentially like that of Etea, having a strong, oblique, bifid, posterior 
cardinal tooth, and a short, narrow oblique anterior cardinal, the two separated by 
a deep, broad, triangular socket; a narrow, deep socket lies back of the posterior 
cardinal. An anterior lateral, which is, in reality, the strong, short inner element 
of a pair of asymmetric claspers, has its posterior end crowding closely up under 
the anterior cardinal, from which it is separated by a deep narrow slit; the outer 
clasper is weakly developed and is deeply submerged below the margin of the shell; 
the two claspers are separated by a deep, short socket. The ligamental groove 
is short and narrow and is bordered below by a narrow nymph. The posterior 
lateral is broken away. (Y.P.M. 14820.) 


Lucina olsoni Stephenson, n. sp. 
(Plate 4, figures 5, 6) 


Description —Shell small, subcircular in outline, moderately inflated for the genus, 
equivalve, slightly inequilateral. Beaks small, moderately prominent, incurved, 
approximate, slightly prosogyrate, situated a little back of the mid-length. Um- 
bonal ridge obscure but recognizable. Greatest inflation below the beak, well above 
the mid-height; antero-dorsal slope steep; postero-dorsal slope less steep, slightly 
and broadly excavated radially. 

Hinge of left valve with a deep triangular socket below the beak; anterior cardi- 
nal tooth thick, moderately prominent, directed downward and a little forward, 
bordered in front by an obscure narrow socket; posterior cardinal small, narrow, 
obscure; anterior claspers distant, short, separated by a moderately deep socket; 
posterior claspers similar to the anterior pair but a little more distant. Hinge of 
right valve not well exposed in the available material. 

Ligament proportionately long, moderately deep, bordered below by a narrow 
nymph. Lunule short, broad, deeply excavated, more sharply outlined on the left 
than on the right valve. Escutcheon wanting. 

Inner margin finely crenulated. Posterior adductor scar small and high in the 
shell; anterior adductor elongated downward and slightly separated from the pallial 
line below, as is characteristic of the genus. Pallial line simple. 

Antero-dorsal margin gently arched, inclined; anterior margin obtusely sub-angu- 
lated; ventral margin regularly rounded; posterior margin subtruncated; postero- 
dorsal margin short, slightly arched. 

The surface is marked with rather coarse, somewhat irregular concentric depres- 
sions representing resting stages, with intermediate fine growth lines, and by numer- 
ous faint to obscure, fine radial lines. 

Dimensions of the holotype: Length, 6.8 millimeters; height, 6.7 millimeters; 
thickness, 4 millimeters. 

Types—Holotype, a nearly complete individual (Y.P.M. 14821); one figured para- 
type (Y.P.M. 14822); 32 unfigured paratypes (Y.P.M. 14823). Peabody Museum, 
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Yale University, New Haven, Connecticut. Named in honor of Captain Ludwig Olson. 
Occurrence —Atlantic Ocean on the eastern part of Banquereau, Nova Scotia; from 
a loose boulder brought up in a fisherman’s trawl, from a depth of 200 fathoms. 


Tsocardia novensis Stephenson, n.sp. 
(Plate 4, figures 7, 8) 


Description—Shell of medium size, thin, subtrigonal in outline, strongly inflated, 
narrow in the umbonal region, inequilateral. The greatest inflation appears to be at 
about the mid-length, a little above the mid-height. Beak prominent, strongly 
incurved, strongly prosogyrate, the apex twisted well back away from the dorsal 
margin, situated about one-fifth the length of the shell from the anterior extremity. 
Antero-dorsal margin slightly arched, steeply inclined; anterior margin sharply 
rounded; ventral margin broadly rounded; posterior margin subtruncated below, 
rounding above into the broadly arched postero-dorsal margin. There is a narrow 
escutcheon of moderate length, bounded on the outer side by a sharply impressed line. 
No lunule is present. 

The otherwise smooth surface is covered with fine, closely spaced growth lines of 
somewhat irregular development. 

The hinge elements are irregular and distorted in a manner characteristic of the 
genus. The anterior cardinal of the left valve is long, gently arched, and lies along 
the lower margin of the hinge; the under side is indented near the forward end by a 
shallow pit or socket; this tooth is paralleled above by a longer, narrow, deep socket. 
The posterior cardinal tooth is long, narrow, and gently arched over the posterior end 
of the long socket just described; the tooth is paralleled above by a long, narrow 
channel of only moderate depth. The arched dorsal margin of the shell is thin and 
prominent. The ligamental groove is very narrow and deep. 

The interior of the shell is not uncovered. 

The six specimens in the collection are distorted by mechanical compression, and 
exact measurements are impossible. A plus sign is used to indicate that the compression 
has acted to shorten the given dimension, and a minus sign shows the reverse condition. 

Dimensions of the holotype: Length, 23.4— millimeters; height, 21— millimeters; 
convexity, 11.6+ millimeters. One of the paratypes is somewhat larger than the holo- 
type, and the others are considerably smaller. 

Remarks.—tThe strong inflation, prominent beak, and posterior subtruncation serve 
to distinguish this shell from /socardia cliffwoodensis Weller, from the Magothy forma- 
tion near Matawan, New Jersey. It is also larger and proportionately shorter and 
higher than that species. 

Types—Holotype, a left valve (Y.P.M. 14824) ; 5 paratypes, 2 left valves, and 3 right 
valves (Y.P.M. 14825). Peabody Museum, Yale University, New Haven, Connecticut. 

Occurrence —Atlantic Ocean, on the eastern part of Banquereau, Nova Scotia; from 
a loose boulder brought up in a fisherman’s trawl, from a depth of 200 fathoms. 


Aphrodina marina Stephenson, n.sp. 
(Plate 4, figures 9-12) 


Description—Shell small for the genus, broadly subovate in outline, moderately 
convex, equivalve, inequilateral. Beaks moderately prominent, strongly incurved, 
approximate, prosogyrate, situated about one-third the length of the shell from the 
anterior extremity. Lunule broad, moderately long, sharply outlined by an impressed 
line; escutcheon wanting. Greatest inflation about midway of the length and some- 
what above the mid-height, from which point the surface slopes broadly and regularly 
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to the terminal and ventral margins; the steepest slopes are in front and back of the 
beak. 

The hinge appears to be essentially like that of the typical Aphrodina Conrad. The 
right valve exhibits the characteristic, long, oblique, strongly bifid, posterior cardinal 
tooth, with a rather wide, deep, triangular socket in front of it; the median cardinal is 
thick and prominent, and is separated from the thin but fairly prominent, nearly direct 
anterior cardinal by a profound, narrow, triangular socket; the roughened anterior 
claspers lie close in front of the anterior cardinal, on a platform of moderate width. 
The hinge of the left valve is seen only in young individuals, but the anterior cardinal 
tooth at its inner end shows the initial bifurcation which becomes more strongly 
developed in the adults of the genotype, A. tippana Conrad; the median cardinal is 
short and moderately thick and is directed a little backward; the posterior cardinal 
is long, thin, and strongly oblique; the three cardinals are separated by deep sockets. 
The anterior lateral tooth is short and distinctly roughened by striations even in young 
individuals. 

Ligamental groove long and moderately deep. The impression of a moderately 
deep, steeply ascending, pallial sinus is partly uncovered on the internal mold of one 
individual. The other internal features are not clearly exposed. 

The surface is closely crowded with sharp, irregular growth ridges, and rather closely 
crowded, gentle undulations indicate a rapid alternation of vigorous growth and resting 
stages. 

Approximate dimensions of the holotype, a nearly complete but slightly distorted 
shell: Length, 30.4 millimeters; height, 23 millimeters; convexity, 14 millimeters. 
The largest paratype, an imperfect right valve, is 25 millimeters high. 

Remarks—tThe species resembles Aphrodina tippana Conrad, from the Ripley for- 
mation of Mississippi, but the average size is much smaller, and the surface is more 
strongly roughened by the growth ridges and undulations. A. regia Conrad, from the 
Snow Hill marl member of the Black Creek formation of North Carolina, attains a 
much greater size, reaching a maximum length of nearly 90 millimeters; it is smoother 
at the corresponding stage of growth, but becomes strikingly roughened in its later 
stages. 

Types—Holotype (Y.P.M. 14826); 1 paratype, figured for the left hinge (Y.P.M. 
14827) ; 2 paratypes used for drawing of right hinge (Y.P.M. 14828); 11 paratypes not 
figured (Y.P.M. 14829). Peabody Museum, Yale University, New Haven, Connecticut. 

Occurrence —Atlantic Ocean on the eastern part of Banquereau, Nova Scotia; from 
a loose boulder brought up in a fisherman’s trawl, from a depth of 200 fathoms. 


Cyprimeria sp. 
(Plate 4, figure 13) 


The genus Cyprimeria is represented by seven incomplete specimens, three of left 
valves, three of right valves, and an individual with the two valves slightly separated 
so that the left hinge is partly exposed (one figured shell, Y.P.M. 14830; six unfigured 
shells, Y.P.M. 14831). The shell is strongly compressed and is broadly subovate to 
almost subcircular in outline. Beaks small, compressed, nonprominent, scarcely rising 
above the dorsal margin, prosogyrate, and apparently situated somewhat in advance of 
the mid-length. The surface in proximity to the beak is marked with fine, sharp, 
regular, concentric growth ridges; away from the beak the growth lines are fine and 
more or less irregular. The hinge of the left valve is sufficiently exposed on the one 
shell just mentioned to show that it is a typical Cyprimeria. 
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The available specimens are probably all juvenile. In outline and form, they are 
similar to an undescribed species from the Woodbine sand of Texas, which attains a 
length of 53 millimeters, and a height of 50 millimeters. The Banquereau shells are, 
however, too small and too imperfect to permit satisfactory identification. 

The figured left valve is approximately 21.5 millimeters high, but the largest frag- 
ment represents a shell which probably was 35 millimeters high. 

None of the specimens suggests the large species, Cyprimeria gabbi Stephenson, with 
which Dall compared part of the Banquereau shells. 


Cyclorisma elongata Stephenson, n.sp. 
(Plate 4, figures 14-16) 


Description—Shell thin, of medium size, subovate in outline, longer than high, 
moderately inflated, equivalve, inequilateral. Beaks small, moderately prominent, 
incurved, approximate, prosogyrate, situated about 0.45 the length of the shell from 
the anterior extremity. Antero- and postero-dorsal slopes steep near the beak; greatest 
inflation below the beak, above the mid-height; umbonal ridge wanting. 

On the left valve the hinge platform is deeply submerged; the anterior cardinal is 
thin, slightly curved around toward the front below, and rises high above the platform; 
median cardinal, thinner and less prominent than the anterior one, from which it is 
separated by a profound, triangular socket; posterior cardinal long, thin, weak, strongly 
oblique, slightly arched, lying close under the nymph, from which it is separated by a 
narrow, shallow channel; a long, oblique triangular socket separates the median and 
the posterior cardinals. Lateral teeth wanting. Hinge of right valve not clearly 
exposed, but the strongly bifid posterior cardinal of the genus is apparent. 

Ligamental groove long and moderately deep. Nymph narrow, prominent. Lunule 
and escutcheon wanting. Internal features of the shell not exposed. 

Antero-dorsal margin nearly straight near the beaks, becoming arched anteriorly, 
the margins of the two valves forming a sharp keel; anterior margin rather sharply, 
but regularly rounded; ventral margin broadly rounded; posterior margin regularly 
and rather sharply rounded somewhat below the mid-height; postero-dorsal margin 
long and broadly arched. 

Surface marked with fine sharp growth lines of irregular strength. 

Dimensions of the holotype: Length, 24.5 millimeters; height, 173+ millimeters; 
thickness, 9.3+ millimeters. The largest paratype, a left valve, is about 38 millimeters 
long. 

Remarks—This species is much more elongated than the genotype Cyclorisma caro- 
linensis (Conrad), from the Snow Hill marl member of the Black Creek formation in 
North Carolina. The hinge, as seen in the left valve, appears to be essentially like that 
of the Carolina species. 

Types.—Holotype, a somewhat imperfect and partly crushed shell, including both 
valves (Y.P.M. 14832); 1 crushed paratype, a left valve figured for hinge (Y.P.M. 
14833) ; 3 more or less incomplete and crushed paratypes (Y.P.M. 14834). Peabody 
Museum, Yale University, New Haven, Connecticut. 

Occurrence —Atlantic Ocean, on the eastern part of Banquereau, Nova Scotia; from 
a loose boulder brought up in a fisherman’s trawl, from a depth of 200 fathoms. 


Cyclorisma(?) sp. 


The collection includes one small, smooth, moderately convex pelecypod with the 
two valves intact (Y.P.M. 14835), which may be a young individual of the genus 
Cyclorisma Dall. A very faintly and obscurely outlined lunule can be detected with a 
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lens in a good light. The prodissoconch is preserved, but is corroded; it is apparently 
smooth and of about the same proportions as the later stages of the shell. This shell 
is also similar in form to Tenea Conrad, but, without knowing its hinge character, its 
true generic affinity can not be determined. The dimensions are: Length, 36 milli- 
meters; height, 3.4 millimeters; thickness, 2.1 millimeters. 


Legumen intermedium Stephenson, n.sp. 
(Plate 4, figures 17-19) 


Description—Shell of medium size, thin, elongate-subelliptical in outline, laterally 
compressed, equivalve, strongly inequilateral. Beaks small, broad, nonprominent, 
incurved, approximate, prosogyrate, situated about one-fifth the length of the shell 
from the anterior extremity. 

Hinge of left valve with three cardinal teeth of unequal length; anterior cardinal 
thin, prominent, directed downward and slightly forward, bounded behind by a pro- 
found triangular socket, and in front by a deeply submerged hinge platform; median 
cardinal prominent, very thin, longer than the anterior one, directed downward and 
obliquely backward, separated from the posterior cardinal by a profound narrow 
socket; posterior cardinal long, thin, strongly oblique, separated from the sharp shell 
margin above by a narrow, relatively shallow channel or socket. Hinge of right valve 
with the prominent anterior and median cardinals separated by a deep narrow triangu- 
lar socket, the former bounded in front by a shallow hinge platform. Median cardinal 
separated from the posterior cardinal by a wider, longer, deep, oblique, triangular 
socket. Posterior cardinal long, very oblique, narrow but apparently bifid, bounded 
above by a narrow, moderately deep socket. Lateral teeth wanting. 

Ligamental groove short, narrow, moderately deep, bounded below by a narrow 
nymph. Neither lunule nor escutcheon present. 

Pallial sinus moderately deep, rising rather steeply. Other internal features not 
well exposed. 

Antero-dorsal margin short, slightly arched, steeply inclined; anterior margin sharply 
rounded at about the mid-height; ventral margin long, very broadly rounded; pos- 
terior margin sharply rounded at or a little below the mid-height; postero-dorsal 
margin long, nearly straight anteriorly, rounding down gently toward the rear. 

Surface covered with numerous, sharply developed, irregular growth ridges which 
become a little coarser toward the ventral margin. 

Approximate dimensions of the holotype: Length, 37 millimeters; height, 18.5 milli- 
meters; thickness, 7+ millimeters; one paratype is larger than the holotype. 

Remarks—This shell is intermediate in outline between the greatly elongated 
Legumen concentricum Stephenson and the proportionately shorter and higher 
L. carolinense (Conrad), both of which occur in the Snow Hill marl member of the 
Black Creek formation in North Carolina; it is more finely sculptured than either of 
these species. 

Types——Holotype, a mechanically crushed incomplete individual with both valves 
present (Y.P.M. 14836) ; one incomplete paratype, a left valve with the cardinal denti- 
tion well preserved, figured for hinge (Y.P.M. 14837) ; one incomplete paratype, a right 
valve with the cardinal teeth somewhat damaged, not figured (Y.P.M. 14838). Pea- 
body Museum, Yale University, New Haven, Connecticut. 

Occurrence —Atlantic Ocean on the eastern part of Banquereau, Nova Scotia; from 
a loose boulder brought up in a fisherman’s trawl, from a depth of 200 fathoms. 
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Leptosolen sp. 


The genus Leptosolen Conrad is represented by two incomplete left valves. 

The largest specimen (PI. 4, fig. 20), which is badly crushed, has a length of 27+ 
millimeters, and a height of 13 millimeters (Y.P.M. 14839). The shell is thin, has the 
characteristic form and outline of Lepiosolen biplicatus Conrad, and is closely related 
to that species. A portion of the shell, scaled off from the underlying matrix near the 
anterior end of the specimen as preserved, reveals the internal rib or buttress which is 
characteristic of the genus; this rib is strong, U -shaped in cross-section, and extends 
from below the beak, downward and slightly backward, nearly to the ventral margin. 
The surface is covered with fine, sharp, somewhat irregular growth ridges which 
reveal the characteristic vertical subtruncation of the posterior end. 

The other specimen, though very imperfect, is more complete at the anterior end, 
which is proportionately short and sharply rounded (Y.P.M. 14830). The dimensions 
are: Length, 12+ millimeters, height, 6.5-+- millimeters. 


Corbula latona Stephenson, n.sp. 
(Plate 5, figures 1-3) 


Description—Shell small, thick, trigonal in outline, moderately inflated, inequi- 
lateral, inequivalve, the right valve larger than, and overlapping the margins of, the 
left valve. A narrow, sharply defined, carina-like umbonal ridge extends from the 
beak in a sinuous trend to the posterior extremity. The postero-dorsal slope back of 
the umbonal ridge is narrow, and forms a shallow depression extending from the 
beak to the extremity; antero-dorsal slope steep. Beaks prominent, strongly incurved, 
approximate, prosogyrate, situated about two-fifths the length of the shell from the 
anterior extremity. The greatest inflation is below the beaks and above the mid- 
height; the posterior part of the shell is narrow, compressed, and pointed. 

Hinge only partly revealed, but apparently normal for the genus. 

Antero-dorsal margin broadly arched, curving down regularly into the rather sharply 
rounded anterior margin; ventral margin broadly rounded centrally, becoming slightly 
excavated posteriorly; posterior extremity acutely angular; a shori posterior trunca- 
tion slopes strongly forward, meeting the straight, steeply inclined postero-dorsal 
margin at a very broad obtuse angle. 

Umbonal area smooth, passing below first into fine, and then into successively 
coarser and sharper, concentric ridges; the right valve is more distinctly ribbed than 
the left. The right valve of the holotype exhibits fine, obscure radial lines; among the 
paratypes the same radial lining may be seen on some right and some left valves, but 
this feature is apparently variable and may be wanting. 

Dimensions of the holotype, a complete individual: Length, 9 millimeters; height, 
6.1 millimeters; thickness, 5 millimeters. Some of the less complete paratypes are 
slightly larger than the holotype. 

Remarks.—The species is related to Corbula subradiata Gardner from the Mon- 
mouth formation of Maryland, but is larger, proportionately more elongated and 
pointed, and is less distinctly marked radially. The species is similar in form to 
C. kanabensis Stanton from beds of Colorado age 350 feet above the base of the 
Cretaceous section in upper Kanab Valley, southern Utah, but is smaller, more pointed, 
and more coarsely marked concentrically. 

Types.—Holotype (Y.P.M. 14841); 1 figured paratype, a left valve (Y.P.M. 14842) ; 
27 paratypes, unfigured (Y.P.M 14843) 

Occurrence—Atlantic Ocean on the eastern part of Banquereau, Nova Scotia; from 
a loose boulder brought up in a fisherman’s trawl from a depth of 200 fathoms. 
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Corbula tethys Stephenson, n.sp. 
(Plate 5, figures 4-7) 


Description—Shell small inequilateral, inequivalve, strongly inflated centrally and 
anteriorly, greatest inflation below the umbone and above the mid-height, strongly 
compressed posteriorly. Beaks prominent, strongly incurved, slightly prosogyrate, 
slightly overhanging the hinge, situated a little in front of the mid-length; beak of 
right valve much more prominent than that of left valve. On the right valve a shallow, 
ill-defined radial sulcus extends from back of the beak, backward and downward to the 
lower posterior extremity, and marks the dividing zone between the inflated part of 
the shell and the posterior compressed part. The right valve is much larger than the 
left valve, which it overlaps on all margins. The antero-dorsal slopes of both valves 
are steep. The left valve lacks a posterior radiating sulcus. Lunule and escutcheon 
are wanting. 

Antero-dorsal margin arched; anterior margin sharply rounded; ventral margin 
broadly rounded, rising toward the rear and on the right valve becoming slightly 
sinuous near the extremity; posterior margin of right valve truncated, short, with 
obtuse subangles below and above; posterior extremity of left valve rather sharply 
rounded; postero-dorsal margin nearly straight. 

Surface of right valve ornamented with numerous, moderately prominent, round- 
topped concentric ribs of irregular strength, becoming coarser ventrally, separated by 
round-bottom interspaces, which range from a little wider to a little narrower than the 
ribs; the ribs die out completely on the strongly compressed posterior portion of the 
shell, where only growth lines are present; just above the ventral margin the ribs 
number three to the millimeter, and midway of the shell, four to the millimeter. The 
surface of the left valve lacks the prominent ribs, and bears only distinct growth 
ridges. 

Dimensions of the holotype: Length, 4.5 millimeters; height, 3.2 millimeters; thick- 
ness, 2.7 millimeters; a larger right valve (PI. 5, fig. 7) measures: Length, 5.2 milli- 
meters; height, 3.7 millimeters; convexity, 1.9 millimeters. 

Remarks.—This species belongs in a subgroup of inflated Corbulas typified by C. 
crassiplica Gabb, the distinguishing characters of which are a strongly sculptured right 
valve, and a smaller, nearly smooth left valve. The concentric ribbing of the present 
species is similar to that of crassiplica but is much finer. 

Types.—Holotype, a medium-sized, slightly incomplete individual, selected because 
both valves are present (Y.P.M. 14844); 1 paratype, an average size left valve 
(Y.P.M. 14845); 19 paratypes, not figured (Y.P.M. 14846). Peabody Museum, Yale 
University, New Haven, Connecticut. 

Occurrence —Atlantic Ocean, on the eastern part of Banquereau, Nova Scotia; from 
a loose boulder brought up in a fisherman’s trawl, from a depth of 200 fathoms. 


Class ScaPHOPODA 


Dentalium sp. (ribbed) 
(Plate 5, figures 8-10) 


The description is based on seven fragments which appear to be conspecific. The 
tube is gently curved, with the strongest curvature toward the smaller end (three 
figured fragments, Y.P.M. 14847; four unfigured fragments, Y.P.M. 14848). The small- 
est fragment has a minimum diameter of one millimeter and bears 12 longitudinal, 
low, narrow, sharp primary ribs separated by wider, nearly flat-bottomed interspaces; 
several fine, obscure secondary riblets make their appearance between the major ribs, 
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at differing distances from the small end, and increase somewhat in strength away from 
that end. The larger fragments show that the ribs become progressively weaker 
toward the larger end, near which the tube is nearly smooth. The largest fragment is 
18 millimeters long and has a maximum diameter of 4.7 millimeters. The maximum 
thickness of tube wall is slightly in excess of half a millimeter. 

This species appears to be closely related to a ribbed Dentalium from the Woodbury 
clay of New Jersey. Fragments of tubes from that formation near Haddonfield have 
12 to 14 sharp ribs somewhat more distinct than on the Banquereau specimens, but the 
resemblance is close. Weller™ identified specimens from the Woodbury clay, includ- 
ing some from near Haddonfield, with Dentilium subarcuatum Conrad, the type of 
which came from near New Egypt, New Jersey, and is probably of Eocene age. 
The laiter is a slender internal mold which shows no external ribbing and can scarcely 
be said to exhibit specific characters; it is probably specifically distinct from the 
Haddonfield specimens. 


Dentalium sp. (smooth) 
(Plate 5, figures 11, 12) 


The collection includes two incomplete tubes (Y.P.M. 14849) of a small smooth 
Dentalium which is closely related to D. leve Stephenson™ and to D. pauperculum 
Meek and Hayden,™ the former from the Snow Hill marl member of the Black Creek 
formation in the Carolinas, and the latter from the Fox Hills sandstone of the Western 
Interior. 

The tube is slender, slightly arched, tapering gradually but faintly swollen centrally, 
noticeably compressed in the dorso-ventral diameter, thus producing a broadly ovate 
cross-section. Growth lines fine and oblique. 

Dimensions of largest specimen, which is incomplete at both ends: Length, 6.5+ 
millimeters; diameter at small end, 0.9 millimeter; diameter at large end, 1.4 milli- 
meters. 

These shells appear to be more nearly like D. pauperculum than D. leve, but are 
more strongly compressed and taper a little more rapidly than either of those species. 


Class GASTROPODA 


Turritella macneili Stephenson, n.sp. 
(Plate 5, figure 13) 


Description —Shell of medium size for the genus. Spire high, with apical angle of 
approximately 17 degrees. Whorls 14 or 15 (estimated), very broadly convex on the 
sides, closely appressed. Suture moderately impressed. The growth lines trend 
upward and a little backward to a little above the mid-height of the whorl, thence they 
swing around and extend obliquely forward and upward to the upper suture. Proto- 
conch not preserved. 


% Stuart Weller: A report on the Cretaceous paleontology of New Jersey, based upon the strati- 
graphic studies of George N. Knapp, N. J. Geol. Surv., Paleontology, vol. 4 (1907) p. 661, pl. 75, 
figs. 1 and 2. 

%.T. A. Conrad: Descriptions of new fossil shells of the United States, Philadelphia Acad. Nat. Sci., 
Jour., 2d ser., vol. 2 (1853) p. 276, pl. 24, fig. 13. 

3L. W. Steph : The Cret formati of North Carolina; Part I, Invertebrate fossils 
of the Upper Cret formations, N. Car. Geol. and Econ. Surv., vol. 5 (1923) p. 351, pl. 88, figs. 1-3. 

33 F. B. Meek and F. V. Hayden: Descriptions of new organic remains from the Tertiary, Cre- 
taceous, and Jurassic rocks of Nebraska, Philadelphia Acad. Nat. Sci., Pr., vol. 12 (1860) p. 178. 
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The body whorl is ornamented with 8 primary spiral ribs, the lower and upper ones 
being rather weak; each spiral bears small, regularly spaced blunt-topped nodes, 
which number about 14 to the centimeter. The interspaces range from narrower to 
wider than the ribs and bear fine thread-like secondaries of uneven strength, numbering 
2 to 4 according to the width of the space. The number of the spiral ribs and the 
strength of the nodes decrease progressively toward the apex, the nodes practically 
disappearing on the sixth whorl from the aperture, and the primary ribs numbering 
only 3 on the smallest of the 9 preserved whorls; the secondary ribs have practically 
disappeared on this smallest whorl. 

The perimeter of the body whorl is obtusely subangular, and the base is broadly 
rounded and ornamented with 5 or 6 rather narrow spirals which are not very well 
preserved. 

The aperture is partly broken away but appears to be broadly subovate. 

Dimensions of the incomplete holotype: Height, 36+ millimeters; diameter, 9.3+ 
millimeters. 

Remarks—This species is related to an undescribed nodose species of Turritella 
from the upper part of the Woodbine sand of Tarrant County, Texas. 

Type.—Holotype (Y.P.M. 14850). Peabody Museum, Yale University, New Haven, 
Connecticut. Named in honor of F. Stearns MacNeil. 

Occurrence.—Atlantic Ocean, on the eastern part of Banquereau, Nova Scotia; from 
a loose boulder brought up in a fisherman’s trawl, from a depth of 200 fathoms. 


Turritella thomsonina Stephenson, n.sp. 
(Plate 5, figure 14) 


Description Shell of medium size, with a spiral angle of approximately 16 degrees 
as measured on the larger whorls. Five of the larger whorls are preserved on the holo- 
type and 6 on the largest paratype; the estimated number of whorls is 18 or 20; the 
largest whorl on the holotype is nearly flat to slightly concave on the side, and the 
other smaller ones are very broadly and gently convex. ‘Suture only slightly im- 
pressed. Protoconch not preserved. The growth lines curve broadly and rather 
strongly backward from the lower suture to a little above the mid-height of the 
whorl, thence they curve strongly forward, but bend noticeably upward before reach- 
ing the upper suture. 

Each whorl of the holotype bears 5 primary spirals, of which the lowest is weak and 
nearly smooth; the second is stronger and nearly smooth; the third is about as strong 
as the second and is weakly nodose; the fourth is the strongest of all and distinctly 
nodose; and the fifth, though not quite so strong as the fourth, is more distinctly 
nodose; the nodes number 10 to 12 to the centimeter. The development of the nodes 
is variable on different individuals; one of the paratypes has strong nodes on all the 
primaries. The number of primaries is reduced to 3 on the smallest paratype. Of the 
4 interspaces, the lowest is the narrowest, the upper next in width, and the other 2 
of about equal width; the bottoms of the interspaces bear spiral threads of somewhat 
unequal strength, ranging in number from 2 to 5 according to the available space. 
The primary spirals become smoother and weaker on the successively smaller whorls. 
The base of the body whorl is nearly flat to broadly rounded and bears numerous 
obscure fine spiral threads. The aperture is broken away. 

Dimensions of the holotype as preserved: Height, 25.7+ millimeters; greatest 
diameter, 11.2 millimeters. The smallest paratype, an apical fragment which stops a 
little short of the protoconch, has a minimum diameter of less than a millimeter. 
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Remarks—tThis species has flatter sides, fewer primary spirals, and shallower 
sutures, than has 7’. macneili. It, also, is related to the undescribed nodose species in 
the Woodbine sand of Texas. 

Types—Holotype (Y.P.M. 14851); 4 incomplete paratypes (Y.P.M. 14852). Pea- 
body Museum, Yale University, New Haven, Conn. 

Occurrence —Atlantic Ocean, on the eastern part of Banquereau, Nova Scotia; from 
a loose boulder brought up in a trawl by the fishing schooner William Thomson, from 
a depth of 200 fathoms. , 


Anchura pontana Stephenson, n.sp. 
(Plate 5, figures 15, 16) 


Description—Shell of medium size. Spire elongate-conical, apical angle about 36 
degrees. Whorls 7 or 8 (estimated), broadly convex on the sides closely appressed. 
Suture deeply impressed. Protoconch not preserved. The axials are strong but some- 
what variable, thick, round-crested, nearly direct, and number 17 on the penultimate 
whorl of the holotype, 12 on the antepenultimate whorl, and 11 on the next smaller 
whorl; the interspaces are wider than the ribs. 

The surface is further ornamented with fine revolving primary spirals, which number 
13 or 14 on the penultimate whorl, and most of the interspaces bear one or two very 
fine thread-like secondary lirae; both the primaries and the secondaries override the 
axials. The axials are least regular in spacing and strength on the body whorl, being 
locally small, numerous, and close together; approaching the outer lip, the axials tend 
to fade out at their lower ends, and the last 5 or 6 of them end 6 or 7 millimeters below 
the suture; these short axials bear obscure nodes near their lower ends; these nodes 
are in line with, and form the beginning of, a subangular ridge which extends from the 
body whorl out onto the upper part of the expanded outer lip. The body whorl is 
completely covered with primary spiral ribs, separated by interspaces of irregular 
width each bearing from one to four secondary riblets, the number depending upon the 
width; both the primaries and the secondaries diverge fan-like and become coarser as 
they pass out onto the expanded outer lip. The crossing of the spirals and growth 
ridges produces a finely cancellated pattern on the lower posterior part of the outer 
lip. The body whorl is broadly rounded on the perimeter and becomes strongly 
constricted at the base. 

Aperture lens-shape in outline, with a shallow, anal canal at the rear, and passing 
anteriorly into a narrow, straight canal of undetermined length. Outer lip broadly 
expanded and grossly thickened at its outer edge. The anterior part of the shell and 
the lower part of the outer lip are broken away but there is at least one shallow, fluted 
indentation on the lower border of the lip. The broken upper corner of the lip doubt- 
less marks the place of attachment of a narrow upward-curving projection of undeter- 
mined length. The ridge, previously mentioned, which extends from the body whorl 
out onto the upper part of the lip, curves upward toward its end as preserved, and 
doubtless extended out onto the missing projection. The outer lip between this pro- 
jection and the spire flares strongly outward and backward, producing a very broad 
notch; the upper end of the lip rises on the penultimate whorl nearly to its upper 
suture. Inner lip forming a thin wash of callus, which spreads forward over the 
parietal wall, and through this callus is reflected the axial and spiral ornamentation; 
the callus becomes noticeably thicker below, on the lower portion of the columella. 

Dimensions of the incomplete holotype: Height, 34+ millimeters; maximum diam- 
eter of the body whorl exclusive of the outer lip, 17.5 millimeters. 
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Types—Holotype (Y.P.M. 14853); 4 paratypes, all incomplete (Y.P.M. 14854). 
Peabody Museum, Yale University, New Haven, Connecticut. 

Occurrence.—Atlantic Ocean on the eastern part of Banquereau, Nova Scotia; from 
a loose boulder brought up in a fisherman’s trawl, from a depth of 200 fathoms. 


Volutoderma(?) venusta Stephenson, n.sp. 
(Plate 5, figures 17, 18) 


Description —Shell large, thick, volutiform. Spire of medium height, with spiral 
angle of approximately 43 degrees. Whorls 5 or 6 closely appressed, moderately 
convex on the sides. Suture deeply impressed. Protoconch not preserved. Body 
whorl large, elongated, with a moderately wide, slightly excavated, steeply sloping 
shoulder, which is limited below by a wide subobtuse angle; body flattened below 
the shoulder, passing below into the very broadly rounded, gently sloping base. 
The body whorl is incomplete anteriorly. 

The posterior part of the body whorl is ornamented with 5 or 6 thick, slightly 
sinuous, broadly round-crested axials with wider interspaces; these axials are coarsely 
nodose at the shoulder angle, die out abruptly on the shoulder above, and fade out 
more gradually about half way down the basal slope below; anteriorly on the body 
whorl the axials merge into irregularly developed growth lamellae which become 
quite coarse in a subvaricose band, 8 millimeters wide, bordering the aperture. Pass- 
ing backward from the body whorl the shoulder angle lies at about the vertical 
center of the exposed portion of the whorls of the spire. The coarsely nodose axials 
number 10 on the penultimate whorl and 8 on the antepenultimate. 

The body whorl, from the shoulder downward, is ornamented with regularly 
spaced, low, flattish-tupped spiral ribs, which, near the aperture, are narrower than 
the interspaces, but which converge slightly as they pass toward the rear; the shoul- 
der bears 7 or 8 smaller, more closely spaced spirals, which, however, fade out and 
disappear before reaching the aperture. Four or five of the spirals below the shoul- 
der are exposed on the penultimate and antepenultimate whorls. 

Aperture elongate-lanceolate, modified at the rear by a broad, deep notch which 
lies well below the suture just above the shoulder angle; anteriorly the aperture 
passes into a narrow, slightly sinuous canal which is partly broken away. Outer lip 
broadly curved, thin at the edge, thickening quickly backward; the spiral ribs are 
faintly reflected on the inner margin of the outer lip. Inner lip very broadly 
excavated, and forming a thin wash of callus over the parietal wall; a large, thick 
hump of callus lies at the upper end of the inner lip, just in front of the axial notch. 
The columella is slightly curved anteriorly; it bears three broadly rounded folds 
which lie a little above its mid-height; only the termini of these folds are exposed, 
but they appear to be of about equal strength. 

Dimensions of the incomplete holotype: Height, 66+ millimeters; diameter, 30 
millimeters. 

Remarks.—This species is referred only provisionally to Volutoderma; it pos- 
sesses characters, notably its shorter spire and the deep anal notch on the shoulder, 
which may justify its assignment to a separate genus. The species is apparently 
congeneric with an undescribed gastropod in the upper part of the Woodbine sand 
of northeastern Texas, several good specimens of which are available for comparison 
at the United States National Museum, in the collections of the United States 
Geological Survey. 

Types—Holotype (Y.P.M. 14855); 2 incomplete paratypes (Y.P.M. 14856). Pea- 
body Museum, Yale University, New Haven, Connecticut. 
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Occurrence —Atlantic Ocean, on the eastern part of Banquereau, Nova Scotia; 
from a loose boulder brought up in a fisherman’s trawl, from a depth of 200 fathoms. 


Avellana pelagana Stephenson, n.sp. 
(Plate 5, figures 19, 20) 


Description——Shell of medium size, rotund, broadly rounded over the apex. Spire 
very low. Protoconch not well preserved. Whorls 3}, closely appressed, expanding 
rapidly; sides of whorls broadly rounded. Suture slightly impressed. Body whorl 
broadly and regularly rounded, uniformly ornamented with about 26 regular, low, 
round-crested, faintly punctate spiral ribs, separated by narrower, punctate inter- 
spaces, the punctate markings are fine and obscurely preserved and do not show in 
the figures; 5 or 6 of the ribs are exposed on the penultimate whorl. 

Aperture subcrescentic, acutely subangular at the rear, where it is narrowly chan- 
neled, moderately wide in the central part, sharply but regularly rounded at the 
front. Outer lip thick, regularly varicose, the posterior end of the varix rising a little 
above the suture; inner margin smooth. Inner lip, broadly excavated anteriorly, 
forming a thin callus which spreads noticeably forward on the parietal wall, con- 
necting at each end with the varix of the outer lip. Columella bearing three nar- 
row, prominent, round-crested, nearly horizontal folds, the posterior one of which 
is a little the weaker. 

Dimensions of the holotype: Height, 17.8 millimeters; diameter, 14.3 millimeters. 

Remarks—This species is not closely related to any of the four or five species of 
the genus previously described from the Upper Cretaceous deposit of the Atlantic 
Coastal Plain. 

Type—Holotype (Y.P.M. 14857). Peabody Museum, Yale University, New 
Haven, Connecticut. 

Occurrence—Atlantic Ocean on the eastern part of Banquereau, Nova Scotia; 
from a loose boulder brought up in a fisherman’s trawl, from a depth of 200 fathoms. 


UNIDENTIFIED YOUNG OF GASTROPODA 
(Plate 5, figures 21-23) 


A small, young shell (PI. 5, figs. 21, 22) which includes a smooth, trochoid pro- 
toconch, followed by a rapidly expanding body whorl, has not yet been placed in 
its proper family and genus (Y.P.M. 14858). It may belong in the family Acteo- 
nidae. The protoconch has three whorls, the initial one flattened and slightly 
submerged. The body whorl is broadly rounded over the periphery, becoming 
sharply constricted below, and is covered with closely packed fine spiral threads. 
The aperture is almost semi-lunar, with a broadly arched thin outer lip and a short 
deep anterior canal. The inner lip is deeply excavated midway of the height and 
forms a thin callus over the parietal wall. The columella bears two distinct folds, 
the lower one of which lies a little above the upper edge of the anterior canal. The 
shell is 4 millimeters high and 2.8 millimeters in diameter. 

Another rather poorly preserved young shell is trochoid in form and appears to 
be related to the genus Monodonta (Y.P.M. 14859). The body whorl bears 7 or 8 
low, regular spirals. The dimensions are: Height, 3 millimeters; diameter, 3 milli- 
meters. 

Still another young shell (PI. 5, fig. 23) is characterized by pronounced spiral 
sculpture (Y.P.M. 14860). The protoconch is not preserved. The spiral angle is 
approximately 45 degrees. The body whorl above the base is ornamented with three 
strong, narrow spirals, separated by wider interspaces; the lowest and strongest 
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spiral is on the subangular periphery; the uppermost spiral is the weakest of the 
three. A pair of spirals of medium strength on the base is separated from the first 
spiral above by a profound channel; several fine, obscure spirals may be seen lower 
on the base. The suture separating the body whorl from the penultimate whorl lies 
closely below the crest of the upper of the pair of basal spirals, previously mentioned, 
leaving the deep channel exposed at the base of the penultimate and smaller whorls. 
The spirals remain strong on the penultimate and antepenultimate whorls. The 
incrementals produce an obscurely punctate effect. The dimensions are: Height, 3 
millimeters; diameter, 2.6 millimeters. 


U. S. Georocicat Survey, WasHinecTon, D. C. 

MANUSCRIPT RECEIVED BY THE SECRETARY OF THE SocreTy, Ocroser 18, 1935. 

Reap serore THE GeotocicaL Society, Decemper 27, 1934. (Presented by Stetson, as part of the general 
problem, see p. 339.) 

ConteisuTion No. 81, Woops Hore OceaNocraPHIC INSTITUTION. 
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UPPER CRETACEOUS FOSSILS FROM GEORGES BANK 
Figures natural size except as indicated on plate. 


Figure 1—Serpula sp. (M.C.Z. 1011). Under side of internal and external molds 
of a tube originally attached to the inner surface of a shell of Glycy- 
meris subcrenata Wade. 


Figures 2-4——Hardouinia(?) stetsoni Stephenson, nsp. (holotype, M.C.Z. 3516). 
(2) Upper surface; (3) under surface; (4) posterior end. 
Figures 5-7—Glycymeris subcrenata Wade. (5) Squeeze of an external mold (M.C.Z. 


15076); (6) internal mold of a shell of average size (M.C.Z. 15077) ; 
(7) squeeze of a well-preserved mold of a hinge (M.C.Z. 15078). 


Figure 8.—Postligata schalki Stephenson, nsp. Holotype, a left valve (M.C.Z. 
15080). 

Figure 9.—Postligata(?) greenensis (Stephenson). A right valve (M.C.Z. 15082). 

Figure 10—Ezogyra ponderosa erraticostata Stephenson. A left valve (M.C.Z. 
15083.) 

Figure 11—Ezogyra sp. A left valve (M.C.Z. 15084). 

Figure 12—Gryphaeostrea vomer (Morton). Incomplete internal mold of a left 
valve (M.C.Z. 15085). 

Figure 13—Anomia ef. argentaria Morton. A left valve (M.C.Z. 15087). 

Figures 14-17.—Crassatellites roodensis Stephenson. (14) Squeeze of an external 
mold questionably referred to this species (M.C.Z. 15089) ; (15) inter- 
nal mold of a left valve (M.C.Z. 15090); (16) squeeze of the preceding 


internal mold, showing hinge; (17) squeeze of external mold of young 
individual questionably referred to this species (M.C.Z. 15091). 


Figure 18.—Plethopora americana Bassler, nsp. Surface of branch (X6) showing 
arrangement of fascicles of tubes and nematopores (M.C.Z. 8761). 
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UPPER CRETACEOUS FOSSILS FROM GEORGES BANK 
Figures natural size except as indicated on plate. 
Figure 1—Cardium (Trachycardium) longstreeti Weller? Internal mold of right 
valve (M.C.Z. 15095). 


Figures 2,3—Cardium (Trachycardium) vaughani Stephenson. (2) Squeeze of ex- 
ternal mold (M.C.Z. 15097), closely associated in matrix with internal 
mold of Crassatellites roodensis (M.C.Z. 15090; Pl. 1, fig. 15); (3) in- 
ternal mold of right valve (M.C.Z. 15098). 


Figures 4,5—Cardium (Trachycardium) sp. (4) Squeeze of external mold of a large 
left valve (M.C.Z. 15100); (5) squeeze of external mold of a smaller 
right valve (M.C.Z. 15101). 


Figures 6,7—Cardium (Criocardium) atlanticanum Stephenson. (6) Squeeze of 
external mold of holotype (M.C.Z. 15103); (7) internal mold of 
holotype. 


Figure 8—Liopistha sp. Squeeze of fragment of external mold (M.C.Z. 15088). 


Figures 9, 10—Cyclina parva Gardner(?). (9) Internal mold of right valve (M.C.Z. 
15106); (10) squeeze of hinge made from the preceding mold, the 
hinge features of which were partly destroyed in making the squeeze. 


Figures 11, 12—Tellina sp. (11) Squeeze of incomplete external mold of left valve 
(M.C.Z. 15107); (12) internal mold of the same specimen. 


Figure 13—Tellina sp. Internal mold of a large right valve (M.C.Z. 15108). 


Figure 14.—Tellina sp. Squeeze of external mold of a small right valve (M.C.Z. 
15109). 


Figure 15—Trigona sp. Squeeze of incomplete small right valve (M.C.Z. 15086). 
Figure 16—Crassatellites(?) sp. Internal mold (M.C.Z. 15093). 
Figure 17—Cymbophora sp. Squeeze of external mold of left valve (M.C.Z. 15112). 
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UPPER CRETACEOUS FOSSILS FROM GEORGES BANK AND BANQUEREAU 
Figures natural size except as indicated on plate. 


Fossits FroM Georces BANK 


Figures 1-3—Donaz(?) atlantis Stephenson, nsp. (1) Squeeze of external mold of 
holotype, a left valve (M.C.Z. 15114); (2) internal mold of holotype; 
(3) squeeze of incomplete hinge of one of the paratypes, a right valve 
(M.C.Z. 15115). 

Figure 4—Corbula sp. a. Squeeze of external mold of right valve (M.C.Z. 15118). 

Figure 5—Corbula sp. b. Squeeze of external mold of a left valve (M.C.Z. 15119), 
closely associated in matrix with the bryozoan species Plethopora 
americana Bassler (M.C.Z. 8761). (See PI. 1, fig. 18.) 

Figure 6.—Polinices(?) sp. Squeeze of an incomplete external mold (M.C.Z. 27918). 

Figure 7—Turritella sp. A fragment of the body whorl (M.C.Z. 27920). 


Figure 8—Turritella(?) sp. Squeeze of the external mold of a poorly preserved 
shell (M.C.Z. 27921). 

Figures 9,10.—Cerithium georgesensis Stephenson, nsp. (9) Squeeze of external 
mold of the holotype (M.C.Z. 27926); (10) diagrammatic enlarge- 
ment of the largest well-preserved whorl of the holotype. 


Fossius FROM BANQUEREAU 


Figure 11—Parasmelia(?) sp. A very imperfect specimen (Y.P.M. 14801). 


Figures 12-14—Acila banquereauensis Stephenson, nsp. (12) Right valve of the 
holotype (Y.P.M. 14804); (13) view of the posterior end and part of 
the ventral surface of the holotype; (14) one of the paratypes, a 
left valve (Y.P.M. 14805). 


Figures 15, 16—Nuculana piscatoria Stephenson, n.sp. (15) Right valve of the holo- 
type (Y.P.M. 14807); (16) dorsal view of the holotype. 


Figures 17,18—Breviarca scotiensis Stephenson, nsp. (17) The holotype, a left 
valve (Y.P.M. 14809); (18) dorsal view of the holotype. 


Figures 19,20.—Pteria(?) dalli Stephenson, nsp. (19) The holotype, an incom- 
plete left valve (Y.P.M. 14811); (20) the hinge of the holotype, in- 
complete at both ends. 


Figures 21,22—Pecten (Camptonectes) microcancelli Stephenson, nsp. (21) The 
holotype, a right valve (Y.P.M. 14817); (22) part of surface of holo- 
type, enlarged to show details of sculpture. 
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UPPER CRETACEOUS FOSSILS FROM BANQUEREAU 
Figures natural size except as indicated on plate. 


Figure 1—Ezogyra sp. (smooth). A young left valve (Y.P.M. 14813); the scar of 
attachment to a smooth object covers more than half of the outer 


surface. 
Figure 2—Exogyra sp. (costate). A young left valve (Y.P.M. 14815); considerably 
distorted by scar of attachment to a gastropod. 


Figures 3,4.—Etea sp. (3) An incomplete right valve (Y.P.M. 14820); (4) incom- 
plete hinge of the same specimen. 

Figures 5,6—Lucina olsoni Stephenson, nsp. (5) Right valve of the holotype 
(Y.P.M. 14821); (6) brush drawing of hinge of one of the paratypes, a 
left valve (14822). 

Figures 7,8.—Isocardia novensis Stephenson, nsp. (7) The holotype, a left valve 
(Y.P.M. 14824) ; (8) hinge of the holotype, partly broken. 


Figures 9-12—Aphrodina marina Stephenson, nsp. (9) Right valve of the holotype 
(Y.P.M. 14826); (10) dorsal view of the holotype; (11) hinge of one 
of the paratypes, a left valve (Y.P.M. 14827); (12) hinge of right 
valve, a brush drawing made from 2 incomplete paratypes (Y.P.M. 
14828). 

Figure 13—Cyprimeria sp. An incomplete left valve (Y.P.M. 14830). 

Figures 14-16—Cyclorisma elongata Stephenson, n.sp. (14) Right valve of the holo- 


type (Y.P.M. 14832); (15) dorsal view of the holotype; (16) hinge of 
one of the paratypes, a left valve (14833). 


Figures 17-19.—Legumen intermedium Stephenson, n.sp (17) Right valve of the 
holotype (Y.P.M. 14836); (18) left valve of the holotype; (19) one 
incomplete paratype, a left valve, figured for hinge (Y.P.M. 14837). 


Figure 20—Leptosolen sp. An incomplete left valve (Y.P.M. 14839). 
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Piate 5 
UPPER CRETACEOUS FOSSILS FROM BANQUEREAU 
Figures natural size except as indicated on plate. 


Figures 1-3.—Corbula latona Stephenson, nsp. (1) Right valve of holotype (Y.P.M. 
14841) ; (2) dorsal view of holotype; (3) left valve of one of the para- 
types (Y.P.M. 14842). 


Figures 4-7.—Corbula tethys Stephenson, n.sp. (4) Brush drawing of right valve of 
holotype (Y.P.M. 14844); (5) brush drawing of left side of the 
holotype, showing overlap of right valve; (6) dorsal view of holotype, 
a brush drawing; (7) one of the paratypes, a nearly complete right 
valve (Y.P.M. 14845). 


Figures 8-10—Dentalium sp. (ribbed). Brush drawings of three fragments repre- 
senting large, medium, and small parts of the tube (Y.P.M. 14847). 


Figures 11-12—Dentalium sp. (smooth). Brush drawiags of an incomplete tube 
(Y.P.M. 14849). 


Figure 13.—Turritella macneili Stephenson, n.sp. The holotype (Y.P.M. 14850). 
Figure 14.—Turritella thomsonina Stephenson, n.sp. The holotype (Y.P.M. 14851). 


Figures 15,16.—Anchura pontana Stephenson, nsp. (15) The holotype (Y.P.M. 
14853) ; (16) apertural view of the holotype. 


Figures 17,18.—Volutoderma(?) venusta Stephenson, nsp. (17) The holotype 
(Y.P.M. 14855); (18) apertural view of the holotype. 


Figures 19,20—Avellana pelagana Stephenson, nsp. (19) The holotype (Y.P.M. 
14857) ; (20) apertural view of the holotype. 


Figures 21,22—A young unidentified gastropod (Y.P.M. 14858). 
Figure 23—A young unidentified gastropod (Y.P.M. 14860). 
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BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 47, PP. 411-412 MARCH 31, 1936 


GEOLOGY AND PALEONTOLOGY OF THE GEORGES 
BANK CANYONS 


Part III. CRETACEOUS BRYOZOAN FROM GEORGES BANK 
BY R. S. BASSLER 


Among the specimens dredged from Georges Bank in 1934 and sub- 
mitted for determination was a fairly well-preserved, ramose cyclostoma- 
tous bryozoan belonging to the unusual genus Plethopora Hagenow, 1851, 
of the Cytisidae, species of which have hitherto been found only in the 
Cretaceous of Europe. In this genus the solid, cylindrical, branching 
zoarium consists of angular thin-walled tubes grouped in salient fascicles, 
or bundles, projecting at the surface in knobby elevations, or ridges, and 
separated by numerous nematopores, the adventitious, thread-like, angu- 
lar, thin-walled, upwardly directed tubules. In the type of the genus, 
P. verrucosa Hagenow, from the Maestrichtian of Holland, the bundles 
of tubes open at the surface in elongate, rounded nodes; but in the present 
species the bundles are more elongate, narrow, and occasionally branched. 


Plethopora americana Bassler n.sp. 
(Stephenson, Plate 1, figure 18) 


Description—Zoarium cylindrical, slightly flattened, with branches 3 to 4 milli- 
meters in diameter, dividing dichotomously at more or less regular intervals of 
10 millimeters, with surface occupied by narrow, elongate, sometimes branching 
bundles of fascicles of zooecia, separated by similar areas of very minute pores. The 
zooecia are small, thin-walled, angular, with 9 to 10 in one millimeter, and 5 or 6 
rows in a fascicle. The very minute openings of the interfascicular spaces have the 
characteristic structure of nematopores. The fascicles proceed in a more or less 
indefinite way, on opposite sides of the zoarium, from a continuously developed wide 
central area of nematopores. 

Remarks—This, the first species of the genus ever discovered in America, is 
well marked by its very elongate, narrow, branching fascicles, which probably pro- 
jected above the surface, although the type specimen is worn and does not show 
this character. Plethopora cervicornis D’Orbigny, 1852, from the Senonian of Tours, 
France, is similar, but the branches divide at long intervals, and the fascicles are 
arranged on more regular enveloping bands. 

Type.—Holotype, Museum of Comparative Zoology (M.C.Z. 8761), Harvard Col- 
lege, Cambridge, Massachusetts. 
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Occurrence—Atlantic Ocean, Georges Bank, Latitude N. 40°24’30”, Longitude 
W. 68°07'30”; dredged from between depths of 480 and 596 meters. 


Geologic position—Upper Cretaceous (Senonian). 


U. S. NationaL Museum, D. C. 

MANUSCRIPT RECEIVED BY THE SecRETARY OF THE Soctery, Ocroser 18, 1935. 

READ BEFORE THE GeoLoctcaL Soctery, Decemper 27, 1934. (Presented by Stetson, as part of the 
general problem, see p. 339.) 

ContrisuTion No. 84, Woons Hore OceaNocraPHIc INSTITUTION. 
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INTRODUCTION 


Of the various lots of foraminiferal material collected from the walls 
of the canyons on the south side of Georges Bank, one, the greensand 
from Canyon II, Tow 6, is very distinctively Cretaceous in age, the others, 
greensand and the silts, are of late Tertiary age. 

The Cretaceous greensand contains a large fauna and is apparently to 
be correlated with faunas of known Upper Cretaceous, Navarro age, of 
the general Gulf Coastal Plain region. Unfortunately, the foraminiferal 
fauna of the Cretaceous of the Atlantic Coastal Plain is not yet well 
enough known, so that correlations with that area cannot be definitely 
made. Some of the species are identical with those of the Cretaceous, 
upper Selma chalk, of Tennessee, and most of them are found in clays of 
known Navarro age in the Texas area. The large number of species and 
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their known vertical ranges show the undoubted Cretaceous age of this 
greensand and its correlation with the Navarro. Some of the more char- 
acteristic species are figured in Plate 1. 

The late Tertiary greensand from Canyon III, Tow 9, has a peculiar 
fauna. It is definitely of more southern and warmer waters than is the 
fauna living today in the region of the Georges Bank. Most of the species 
are living, and their geographic ranges are West Indian, ranging north- 
ward to the coast of Florida or even to Cape Hatteras, but usually not 
north of this. There are some species that are of pelagic origin, and these 
are distributed far northward, even today, by the Gulf Stream. 

Some of the species of this greensand also show relationships to those 
of the Pliocene of the western coast of the United States, and even to 
the Pliocene of Japan. This relationship is even more marked in the 
case of the silts of the canyon walls. It would seem to indicate that they 
were deposited in late Tertiary time, before the cooling of the waters by 
the accumulation of ice in the Pleistocene, and may possibly show that 
there was a definite connection across the Arctic, of the colder-water 
faunas of these otherwise disconnected regions. 

Although both the late Tertiary greensand and the silts have a large 
proportion of species which are still living, there are, nevertheless, several 
species apparently not previously described. Of especial interest are the 
species of Plectofrondicularia, which resemble most closely the species 
of the California area but are not identical. The only species of this 
genus now living in the area, P. advena Cushman, does not occur in any 
of these samples. ; 

With an almost entire absence of Pliocene foraminifera on the Atlantic 
Coast, especially faunas representing cool waters, it is difficult to deter- 
mine with any certainty the exact age of this material. The great pre- 
dominance of living species would indicate that both the greensand and 
the silts are of very late Tertiary age, and indications seem to point to 
late Pliocene or earliest Pleistocene as the most probable age. The green- 
sand represents a warmer-water condition and is, therefore, probably 
older than the silts. It has also a slightly larger proportion of species 
not known to be living, although the indications are that some of those 
of the greensand will be found in the region south of Cape Hatteras, and, 
for those species of the silts not previously known, subsequent investiga- 
tion will probably show specimens in the Georges Bank region. 

A definite check of the present-day fauna has been possible through a 
study of the cores. The samples at the top of the cores represent the 
living fauna. Samples from below the top are, as a rule, more northern 
than the present fauna, and represent colder conditions than exist at 
present. A number of the species from these deeper samples are now 
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known only from much farther north, in regions from Greenland, Fox 
Basin, and others. 

New species from the greensand and silt samples have already been 
described in a short paper. Figures of these new species, together with 
some of the more striking ones from the greensand and silt samples, are 
given on Plates 2 to 5. 

Those species which are most useful in determining the age are noted, 
and references are given to the literature, where more complete informa- 
tion may be obtained as to other references or to distribution tables, 
particularly to Bulletin 104 of the United States National Museum on 
the Foraminifera of the Atlantic Ocean. These tables give the data of 
depth and temperature as well as the geographical positions of the stations 
from which the species have been obtained. 

A short discussion of each of the samples follows, and the accom- 
panying chart gives the distribution of some of the late Tertiary species 
in the greensand and silt samples, as well as in the cores. Many of the 
species, represented by too few or too poorly preserved specimens, are 
not used. Indications are, however, that they corroborate the age of the 
samples as already given. 

Many species found in the cores do not occur at all in the samples from 
the canyon walls, and those, if completely studied, would show still fur- 
ther the distinction between the two groups of samples. 


CRETACEOUS FORAMINIFERA 


From Tow 6, Canyon II, the greensand sample contained about 85 
species of foraminifera, all definitely Cretaceous, and correlating this 
particular sample with the Upper Cretaceous of Texas and the upper 
portion of the Selma chalk of Tennessee and Mississippi. Notes are 
given on those species which are well preserved, and something of their 
occurrence elsewhere in the Upper Cretaceous. Many other species are 
represented by insufficient specimens for exact determination, or they 
belong to species which are now in process of being studied in the prepara- 
tion of the report on the American Cretaceous foraminifera. Enough 
species are given to show the undoubted relationship of this sample from 
Canyon II. It would be interesting for comparison, if one knew more 
about the Upper Cretaceous foraminifera of New Jersey. It is interest- 
ing, however, that some species, such as Bolivinita selmensis Cushman, 
occur in the material from the canyon wall, and are not known at the 
present time farther west than Tennessee. 


1J. A. Cushman: Some new foraminifera from the late Tertiary of Georges Bank, Contrib. Cushman 
Lab. Foram. Res., vol. 11 (1935) p. 77. 
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Some of the more striking species are illustrated by drawings of actual 
specimens from this sample of greensand. The number of these could be 
greatly increased, but it seems sufficient to figure only some of the more 
striking species of this fauna. 


Verneuilina sp.(?) 
(Plate 1, figures 1a, b) 


This is a small species, very similar to that called “Verneuilina polystropha” from 
the Upper Cretaceous of Lizard Springs, Trinidad? There are very few specimens, 
but they are all very similar. 


Gaudryina sp.(?) 


In the Georges Bank material, there is a large, rough Gaudrytna, very similar to 
that figured from the Upper Cretaceous of Trinidad as “G. laevigata Franke, var. 
pyramidata Cushman.”* A very similar form occurs also in the Upper Selma chalk of 
Mississippi. 

Gaudryina cf. laevigata Franke 


There is a single specimen in the greensand sample which may somewhat question- 
ably be referred to this species, and is similar to ones found in the Upper Selma and 
Coon Creek of Tennessee. 

Dorothia bulletta (Carsey) 
(Plate 1, figures 2a, b) 


1927. Gaudryina bulletta Carsey, Univ. Texas, Bull. 2612, p. 28, pl. IV, fig. 4. 

1931. Dorothia bulletta PLumMerr, Univ. Texas, Bull. 3101, p. 132, pl. VIII, figs. 13-17. 
This is a well-known species, most common in the Navarro formation of Texas, 

where it is especially abundant in the pit of the Corsicana Brick Company, near 

Corsicana, Texas. This, with other species, seems to fix very definitely the age of this 

greensand. 

Robulus macrodiscus (Reuss) 


In the greensand sample are specimens very similar to the ones figured under this 
name from the Upper Cretaceous of Trinidad.* There are a number of other species of 
Robulus, but for the most part they are represented by very few specimens. 


Saracenaria sp.(?) 


There are many specimens belonging to this genus, but they are mostly young stages, 
and it does not seem best to give them a distinct name. They probably belong to a 
species fairly common in the Upper Cretaceous of the Gulf Coastal Plain. 


Vaginulina navarroana Cushman, n. sp. 
(Plate 1, figure 3) 
Test elongate, somewhat compressed, early portion somewhat coiled, later portion 


uncoiled, periphery somewhat rounded or subacute; chambers distinct, few, those of 
the uncoiled portion of rather uniform size and shape; sutures strongly oblique, very 


2 J. A. Cushman and P. W. Jarvis: Upper Cretaceous Foraminifera from Trinidad, U. 8. Nat. Mus., 
Pr., vol. 80, art. 14 (1932) p. 15, pl. 4, figs. 3a, b. 
3 Op. cit., p. 18, pl. 5, fig. 3. 
4 Op. cit., pl. 7, fig. 3. 
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slightly limbate, slightly curved; wall covered with longitudinal costae, independent 
of the sutures; aperture at the dorsal angle, terminal, with a short neck. Length, 
0.60-0.90 millimeter; breadth, 0.20-0.25 millimeter. 

Holotype (Cushman Coll. No. 22159) from Cretaceous greensand, Canyon II, 
Tow 6, Georges Bank. 

This species is a common and characteristic one of the Navarro formation of Texas, 
occurring in great numbers in the clays of the pit of the Corsicana Brick Company, 
near Corsicana, Texas, as well as elsewhere in the Navarro. 


Vaginulina cf. wadei Kelley 
(Plate 1, figure 4) 


Although the figured specimen is broken, it evidently belongs to this species, which 
was described from the Upper Cretaceous, Coon Creek, of Tennessee, and has a rather 
wide distribution in the Upper Selma and its equivalents in the Gulf Coastal Plain 
region. 

Vaginulina cretacea Plummer 
(Plate 1, figure 5) 


1927. Vaginulina gracilis Plummer, var. cretacea PLuMMer, Univ. Texas, Bull. 2644, 
p. 172, pl. II, fig. 8. 

Mrs. Plummer described this species from the uppermost Navarro clays of Texas. 
It has been found to be widely distributed in the Navarro and its equivalents. It 
occurs in some numbers in the material under discussion, and a somewhat similar 
V. silicula (Plummer), which also occurs in the Navarro, was watched for, but no 
specimens were found. 

This is another of those species which help to place definitely the age of this 
greensand. 

Nodosaria sp.(?) 
(Plate 1, figure 6) 


This species with very pronounced costae is a common one of the Cretaceous, 
particularly of the Navarro, and helps to correlate this material. 


Nodosaria affinis Reuss 


This large species, which is rather common in much of the Gulf Coastal Plain Upper 
Cretaceous, occurs in rather typical form in the Georges Bank Cretaceous greensand.® 


Dentalina cf. adolphina d’Orbigny 


Numerous broken fragments, similar to that figured in the Tennessee report, occur 
in the material. This is probably not the same as the species described by d’Orbigny, 
from the Miocene of the Vienna Basin, but the figures noted will serve to give good 
illustrations of this Cretaceous form. 


Dentalina lorneiana d’Orbigny 


This species is also figured in the Tennessee Cretaceous report.” It is an easily 
broken species, and the material shows only fragments. 


5 J. A. Cushman: A preliminary report on the Foraminifera of Tennessee, Tenn. Div. Geol., Bull. 41 
(1981) pl. 3, figs. 16-20. 

Op. cit., pl. 3, figs. 10-12. 

7 Op. cit., pl. 3, figs. 4-7. 


418 GEOLOGY AND PALEONTOLOGY OF THE GEORGES BANK CANYONS 


Globulina lacrima Reuss 
This Upper Cretaceous species is figured in the Tennessee report.® 


Pseudopolymorphina digitata (d’Orbigny) 
Some of the specimens from the Cretaceous greensand sample are very similar tc 
this species, which occurs in the Upper Cretaceous of Maastricht? 
Guttulina trigonula (Reuss) 


There are numerous specimens in the Cretaceous greensand sample, both with and 
without fistulose projections, some of the former being rather complex. This species 
is figured in the Tennessee report.” 


Nonionella cretacea Cushman 


Rather typical specimens of this species occur in the Cretaceous greensand sample. 
It was described and figured in the Tennessee report," from the Selma chalk of Ten- 
nessee. It also occurs in the upper Taylor and lower Navarro of Texas, as well as in 
the Velasco shale of Mexico. 


Giimbelina striata (Ehrenberg) 
(Plate 1, figures lla, b) 


Specimens somewhat similar to those figured in the Tennessee report * occur in the 
sample. They are somewhat similar to Ventilabrella carseyae, but none of the speci- 
mens show the Ventilabrella chambers. 

Giimbelina globulosa (Ehrenberg) 
(Plate 1, figures 8a, b) 

This species is also figured in the Tennessee report.* It is very common in the 

Navarro of the Corsicana clay pit and elsewhere. 


Giimbelina tessera (Ehrenberg) 
(Plate 1, figures 9a, b) 
This rather striking species occurs well developed in the Annona chalk of Texas.‘ 
Giimbelitria cretacea Cushman 
(Plate 1, figures 12a, b) 


This is one of the interesting species of the Cretaceous greensand from the Georges 
Banks. It is particularly a Navarro species, but is widely distributed. 


8 Op. cit., pl. 6, figs. 9a-c. 

®J. A. Cushman and Yoshiaki Ozawa: Monograph of the foraminiferal family Polymorphinidae, 
recent and fossil, U. S. Nat. Mus., Pr., vol. 77, art. 6 (1930) p. 108, pl. 28, figs. 3a, b. 

10 Op. cit., pl. 6, figs. 3, 4. 

11 Op. cit., p. 42, pl. 7, figs. 2a-c. 

12 Op. cit., pl. 7, figs. 6, 7. 

18 Op. cit., pl. 7, figs. 3-5. 

14J. A. Cushman: The Foraminifera of the Annona chalk, Jour. Pal., vol. 6, no. 4 (1932) p. 338, 
pl. 51, figs. 4, 5. 
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Bolivinita selmensis Cushman 
(Plate 1, figures 7a, b) 

This species was described from the Upper Selma chalk.» The writer has not found 
this species west of Tennessee, and it is, therefore, interesting to find it occurring in 
rather typical form in this greensand material. It is one of the species which should 
serve to correlate the sample closely with the upper portion of the Selma chalk. 


Pseudouvigerina plummerae Cushman 
(Plate 1, figures 13a, b) 
This species is also figured in the Tennessee report.* Its range is apparently from 
the Pecan Gap chalk upward into the Navarro of Texas, and it also occurs in the 
Selma chalk of Tennessee. 


Bulimina quadrata Plummer 
This species, which is so abundant in the Navarro of the Corsicana clay pit that 


the particular part of the Navarro is often called the Bulimina-zone, occurs in rather 
typical form in the greensand sample.” 


Virgulina navarroana Cushman 


This species is also abundant in the Corsicana clay pit in the Navarro of Texas. 


Lozxostomum plaitum (Carsey) 
(Plate 1, figures 10a, b) 
This is another of the species which serves to connect the greensand sample with the 


Navarro of Texas. 
Gyroidina depressa (Alth) 


Very typical specimens of this species, similar to those figured in the Tennessee 
report,” occur in the greensand sample. 


Globigerina rugosa Plummer 


There are very typical specimens of this species, described by Mrs. Plummer from 
the Navarro of Texas.” 
Glebotruncana arca (Cushman) 
(Plate 1, figures 14a-c) 
One of the typical high-spired forms is figured on Plate 1. This is very similar to 
the ones that occur in the Navarro of Texas, and resembles that figured in the Ten- 
nessee report,” except for the somewhat higher spire. 


15 J. A. Cushman: Post-Cretaceous occurrence of Giimbelina with a description of a new species, 
Contrib. Cushman Lab. Foram. Res., vol. 9 (1933) p. 66, pl. 7, figs. 3, 4. 

16 Op. cit., pl. 7, figs. 15, 16. 

1# J, A. Cushman: A preliminary report on the Foraminifera of Tennessee, Tenn. Div. Geol., Bull. 
41 (1981) pl. 7, figs. 17, 18. 

18 Op. cit., pl. 9, figs. 7, 8. 

19H. J. Plummer: Foraminifera of the Midway formation in Texas, Univ. Texas Bull., no. 2644 
(1926) p. 172, pl. 2, figs. 9a-d. 

2 J. A. Cushman: A preliminary report on the Foraminifera of Tennessee, Tenn. Div. Geol., Bull. 
41 (1931) pl. 11, figs. 6a-c. 


5 
: 
| 
| 


420 GEOLOGY AND PALEONTOLOGY OF THE GEORGES BANK CANYONS 


LATE TERTIARY FORAMINIFERA 
GREENSAND 


From Tow 9, Canyon III, a greensand was obtained, which, on 
washing, proved to contain an excellent foraminiferal fauna. The num- 
ber of species is comparatively large, between fifty and sixty having been 
obtained, some of them represented by single specimens or incomplete 
ones. In cases where material is insufficient, specific determinations were 
not usually made, but there are many forms which may be specifically 
identified, and on these the age of this greensand is based. There are 
a number of new species and varieties in this material, which have their 
relationships with species usually developed much farther south than 
this particular region of the Georges Bank. Of the other species which 
may be specifically identified, the great majority are now living, and 
are to be found in warmer regions, particularly the Gulf of Mexico, and 
the southeastern coast of the United States, southward of Cape Hatteras. 
This would seem to indicate definitely that the waters in which these 
species lived and were deposited were much warmer than those of the 
present day at the point where they are found. Altogether, it seems 
rather definite that this fauna represents a condition which prevailed 
before the actual glacial period, as the waters in the region of the Georges 
Bank at that time were evidently decidedly warm compared with the 
present conditions. The fauna is very closely allied with the living one 
now found southward from Cape Hatteras, and no truly fossil species 
have been found in the fauna except those which are here described as 
new. From the associations of the other species of the fauna, it would 
seem rather certain that these new species will be found living in southern 
waters, when more work is done on that area. 

Some of the characteristic species are illustrated in the accompanying 
plates, particularly those which are of interest from the point of view of 
the age and relationships of this greensand. Notes on some of the species 
follow: 

Saracenaria sp.(?) 
This form resembles very closely that figured in Bulletin 104 of the United States 


National Museum” This particular form has been recorded from the Gulf of 
Mexico, and from the Atlantic coast as far north as South Carolina. 


Robulus sp.(?) 
(Plate 2, figure 3) 


The particular specimen figured closely resembles that described in United States 
National Museum Bulletin 104, also from off the coast of South Carolina™ 


#1 J. A. Cushman: The Foraminifera of the Atlantic Ocean, U. S. Nat. Mus., Bull. 104, pt. 4 (1923) 
pl. 35, figs. 5-7. 
2 Op. cit., pl. 21, fig. 7. 
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Robulus d’orbignyti (Bailey) 
(Plate 2, figures 1a, b) 


The figured specimen rather closely resembles that described in United States 
National Museum Bulletin 104, with a very distinct keel™ This species, described 
by Bailey from off the eastern coast of the United States, is known from the latitude 
of Cape Cod southward to Cape Hatteras, and specimens have since been found 
extending its range farther to the south. 


Robulus sp.(?) 
(Plate 2, figures 2a, b) 


This is one of the large, distinctive species of the greensand not found in the silt 
samples, and is figured for future reference. 


Marginulina cf. schloenbachi (Reuss) (?) 
(Plate 2, figure 6) 


This particular form has already been recorded from the Gulf of Mexico and along 
the Atlantic coast northward in deeper water. It is the form figured in Bulletin 104 
of the United States National Museum,” and is not the species figured and described 
by Reuss. 

Marginulina georgiana Cushman 
(Plate 2, figures 4, 5) 


Marginulina georgiana CusHMAN, Contr. Cushman Lab. Foram. Res., vol. 11 (1935) 
p. 77, pl. 12, figs. 2, 3. 

This new species, which has recently been described, is a striking one, and rather 
common in this material. It has not been found in any of the silt samples, nor 
in the cores from this vicinity, but it is to be looked for in Recent material from 
Cape Hatteras southward to the Gulf of Mexico. 


Dentalina cf. adolphina d’Orbigny 
(Plate 2, figures 8, 9) 


A number of fragmentary specimens, two of which are here figured, correspond 
well to the species referred to under this name from the general region of the Gulf 
of Mexico. It was not found in any of the other silt samples or cores. 


Dentalina hirsuta (d’Orbigny), var. aculeata (d’Orbigny) 
(Plate 2, figure 7) 


Nodosaria aculeata v’OrpicNy, Foram. Foss. Bass. Tert. Vienne (1846) p. 35, pl. 1, 
figs. 26, 27. 

Nodosaria hirsuta d’Orbigny, var. aculeata CusuMan, U. S. Nat. Mus., Bull. 100, 
vol. 4 (1921) p. 214, pl. 38, figs. 7, 8; Bull. 104, pt. 4 (1928) p. 92, pl. 17, 
fig. 4. 

This particular form has been recorded only in the western Atlantic, from stations 
in the Gulf of Mexico, where it is often relatively abundant. This is one of the 
species which shows strong evidence of the southern, warm relationship of this 
greensand. 


23 Op. cit., pl. 26, fig. 3. 
% Op. cit., pl. 5, fig. 10. 
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Nodosaria vertebralis (Batsch), var. albatrossi Cushman 
; (Plate 2, figures 13, 14) 


Nodosaria vertebralis (Batsch), var. albatross: CusHMan, U. S. Nat. Mus., Bull. 
104, pt. 4 (1923) p. 87, pl. 15, fig. 1. 

This variety is common in Recent material in the Gulf of Mexico and off the 
southeastern coast of the United States, ranging northward to Cape Hatteras. It 
is another of the forms which show the relationships of this greensand to the fauna 
of more southern, warmer areas. 


Marginulina bacheti Bailey 


Marginulina bacheti Bartzy, Smithsonian Contr., vol. 2 (1851) p. 10, pl., figs. 2-6. 
—CusHman, U.S. Nat. Mus., Bull. 104, pt. 4 (1923) p. 129, pl. 36, figs. 7-9. 
Marginulina ensis Furnt (not Reuss, 1846), U. S. Nat. Mus., Rept. 1897 (1899) 
p. 314, pl. 59, fig. 3. 
A number of specimens with the initial end missing evidently belong to this 
large species, described by Bailey from off the eastern coast of America. It ranges 
from Cape Cod to Florida at the present time. 


Dentalina cf. filiformis d’Orbigny 


There are fragments only of the same form as that figured by Flint as “Nodosaria 
filiformis d’Orbigny.”* The writer has had this particular form from Cape Hatteras 
southward to the Gulf of Mexico, and all of Flint’s material came from the Gulf of 
Mexico, thus showing the decidedly southern range of this particular form. 


Guttulina georgiana Cushman 
(Plate 2, figures 12a, b) 


Guttulina georgiana CusHMAN, Contr. Cushman Lab. Foram. Res., vol. 11 (1935) 
p. 78, pl. 12, figs. 4 a, b. 
This new species is closely related to some of the other species of the genus which 
occur off the southeastern coast of the United States. 


Pseudopolymorphina atlantica Cushman and Ozawa 


Pseudopolymorphina atlantica CusHMAN and Ozawa, U. S. Nat. Mus., Pr., vol. 77, 
art. 6 (1930) p. 94, pl. 24, figs. 2 a, b. 

Flint had a very similar form, but his plate 67, figure 3, contains more than one 
species, and P. atlantica is not the same as the broader P. flintti which was based on 
part of Flint’s plate 67, figure 3. This species has also been recorded from the 
Atlantic coast of the United States. 


Nonion pompilioides (Fichtel and Moll), var. 
(Plate 2, figures 10a, b) 


This compressed form occurs in a number of samples of silt as well as in this 
greensand, and needs further study before a definite name can be given to it. 


%J. M. Flint: Recent Foraminifera, U. S. Nat. Mus., Rept. 1897 (1899) p. 310, pl. 55, fig. 6. 
J. A. Cushman: The Foraminifera of the Atlantic Ocean, U. S. Nat. Mus., Bull. 104, pt. 4 (1923) 
pl. 12, fig. 2. 
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Nodogenerina georgiana Cushman 
(Plate 2, figure 11) 


Nodogenerina georgiana CUSHMAN, Contr. Cushman Lab. Foram. Res., vol. 11 (1935) 
p. 80, pl. 12, fig. 16. 
This new form somewhat resembles that described by Brady as “Nodosaria hispida 
(d’Orbigny), var. sublineata H. B. Brady.” His form, while similar in ornamentation, 
has an elongate, slender aperture; this one has a short neck and lip. 


Loxostomum georgianum Cushman 
(Plate 2, figures 15, 16) 


Lozostomum georgianum Cushman, n.sp., CUSHMAN, Contrib. Cushman Lab. Foram. 
Res., vol. 11 (1935) p. 82, pl. 12, figs. 14, 15. 

This new species occurs in some numbers in the greensand, and is very similar in 
form and probably identical with material already collected from the West Indian 
region. There seem to be two distinct forms, both of which are figured—one, some- 
what broader and more tapering, and having the apertural end more contracted; 
the other, more slender, and usually much more abundant. 


Angulogerina angulosa (Williamson), var. 
(Plate 2, figures 17a, b) 


This is a much more slender form than the typical, and has more and finer costae. 
The typical form occurs in the silt samples from the canyon walls, but in the cores 
it is a still more slender form that is not found in the older silts. 


Uvigerina auberiana d’Orbigny 
(Plate 2, figures 18a, b) 


The figured specimen shows a rather rough form, and apparently represents a 
young stage.” Other specimens from this same material, but not as well preserved, 
show the more typical, fusiform shape of the adult. It is a West Indian species, 
and not known in the Recent fauna from the region from which the greensand 
came. 

Uvigerina flintiti Cushman 
(Plate 3, figures 1, 2) 
Uvigerina tenutstriata Furnt (not U. tenuistriata Reuss), U. S. Nat. Mus., Rept. 
1897 (1899) p. 320, pl. 68, fig. 1. 
Uvigerina flint) Cusuman, U. S. Nat. Mus., Bull. 104, pt. 4 (1923) p. 165, pl. 42, 
fig. 13. 

This is a typical, southern species, ranging from the coast of Georgia southward 
into the Gulf of Mexico and the Caribbean. It occurs in the greensand in con- 
siderable numbers, and has been compared with the types. It is another of those 
species which shows the relationships of this greensand fauna to the Recent material 
from much farther south. 


Unicosiphonia crenulata Cushman 
(Plate 3, figures 5, 6) 


Unicosiphonia crenulata CusHMAN, Contr. Cushman Lab. Foram. Res., vol. 11 (1935) 
p. 81, pl. 12, figs. 9, 10. 


2% J. A. Cushman: Op. cit., p. 163. 
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A number of specimens of this species occur in the greensand material, and it is 
to be looked for as a living form in the general West Indian region. 


Patellina corrugata Williamson 


A single specimen of this species occurs in the greensand, but not in any of the 
silts from the canyon walls nor in any of the cores. It is a rare species in the 
Georges Bank area, as far as the records show, but has been recorded from wharf 
piles at Woods Hole. 

Valvulineria georgiana Cushman 
(Plate 3, figures 3a-c) 


Valvulineria georgiana CusHMAN, Contr. Cushman Lab. Foram. Res., vol. 11 (1935) 
p. 82, pl. 12, figs. 17 a-c. 
This new species has its relationships with those of the eastern Pacific and the 
warmer parts of the Atlantic. 


Gyroidina soldanii d’Orbigny 


There is only one specimen in this material. It resembles that of figure 3 on plate 8 
in part 8 of Bulletin 104 of the United States National Museum, rather than any of the 
other figures given on that plate. It is recorded from this area as a living species. 


Eponides umbonata (Reuss) 
(Plate 3, figures 4a-c) 


This species has a wide range, and is not significant as far as helping to determine the 
age of this material.” 
a Siphonina pulchra Cushman 
: (Plate 3, figures 7a-c) 


This species was not found in any of the silt samples from the canyon walls nor in 
any of the cores. Its range, as far as known, in present seas is from the West Indies 
northward to the coast of Florida. It occurs in the Miocene of Cuba. It is one of the 
decidedly southern species from the greensand, one of those which indicates the much 
warmer conditions under which this greensand was deposited.” 


Globigerina inflata d’Orbigny 

This species, frequent in this sample, is common at the present time along the 
continental shelf, and is often very abundant in Recent collections from this same 
region. 

Globigerina dubia Egger 

Like the preceding species, this is common along the path of the Gulf Stream 

northward to Cape Cod. 
Globigerinoides rubra (d’Orbigny) 
(Plate 3, figures 8a, b) 
This species is a typical one of the Gulf Stream region, reaching north to the general 


region of the Georges Bank at the present time. It is interesting, therefore, to find 
that the species does not occur in the silts from the canyon walls nor in the cores. 


: The Foraminifera of the Atlantic Ocean, U. S. Nat. Mus., Bull. 104, pt. 8 (1931) 


thee 
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A. Cushman 
Pp. 52. 
23 Op. cit., p. 69. 
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Globigerinoides sacculifera (H. B. Brady) 


This species was found only in Canyon III, but occurs there both in the silt and in 
the greensand samples. It occurs in a few of the cores, and then only rarely. 


Globorotalia menardi (d’Orbigny) 


As in the preceding species, this occurs both in the greensand and in the silt from 
Canyon III. It occurs in many of the core samples, especially of the Gulf Stream 
area. 

Globorotalia hirsuta (d’Orbigny) 
(Plate 3, figures 13a-c) 

This occurs in both the silt and the greensand from Canyon III, but is rare else- 

where in the region, as far as samples show. 


Pullenia sphaeroides d’Orbigny 
(Plate 3, figures 11a, b) 


This species has a considerable range in the western Atlantic, and, like the following, 
probably is not significant in determining the age of this material. 


Pullenia quinqueloba (Reuss) 
(Plate 3, figures 10a, b) 


This, like the preceding, is a widely distributed species. 


Sphaeroidina bulloides d’Orbigny 
(Plate 4, figures 1a, b) 


This species occurs in the greensand and in all the silt samples from the canyon 
walls. It occurs in some of the cores, but is not frequent, as they represent probably 
colder conditions, for the most part. 


Ehrenbergina trigona (Goés) 
(Plate 3, figures 9a, b) 


The range of this species is from the Caribbean to Cape Hatteras. It is another of 
the forms which show the southern relationships of the greensand. It does not occur 
in the silt samples from the canyon walls nor in the cores.” 


Anomalina carinata Parker and Jones, var. crassa Cushman 
(Plate 5, figures 13a-c) 


This variety was described as living in this same region, but has apparently not been 
previously recorded as fossil. 
Cibicides concentrica (Cushman) 
A single, immature specimen probably represents this species, which is found in 


strata from Miocene to Recent. In the western Atlantic, it is known from Florida to 
Cape Hatteras, but is not recorded farther north” 


2 J. A. Cushman: Foraminifera of the genus Ehrenbergina and its species, U. 8. Nat. Mus., Pr., 
vol. 70, art. 16 (1927) p. 6. 

% J, A. Cushman: The Foraminifera of the Atlantic Ocean, U. S. Nat. Mus., Bull. 104, Pt. 8 
(1931) p. 120. 
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Cibicides lobatula (Walker and Jacob) 
This species is common, and has a wide range along the Atlantic coast. 
Cibicides pseudoungeriana (Cushman) 


The records indicate that this species ranges from Lower Oligocene to oceans of the 
present time, and has a rather wide range along the Atlantic coast." 


Cibicides sp.(?) 
(Plate 4, figures 2a-c) 
The only specimen of this unusual species is here figured. The ventral side is very 
much convex, the dorsal flattened or slightly concave, and the periphery has a very 


distinct, broad keel, most evident from the ventral side. This form is not found in any 
of the silt samples or cores. 


GREEN SILTS 


General statement—As a whole, these greenish consolidated silts of a 
clayey texture are much alike. The contained foraminifera are much 
more like those of the living fauna at this particular locality than are 
those species of the later Tertiary greensand already noted. The fauna as 
a whole is a cold-water one in comparison with that of the greensand, and 
evidently, from the number of living species, is younger than that of the 
greensand. As noted in the introduction, both the late Tertiary green- 
sands and the silts show resemblances in their contained fauna to the 
late Pliocene of the West Coast of America and to Japan and the North 
Pacific. 

Although the three green silt samples studied are very similar in their 
fauna, each has some distinctive species. For this reason, it is possible 
that they represent slightly different horizons, but the differences are 
not great enough to give a clue to which may be younger or older than 
others. 

In order to form a check on the age of these silts taken from the canyon 
walls, a series of core samples from the bottom of the canyons were taken. 
When studied, these two sets of samples showed striking differences. 
One of these is in the various species of the genus Plectofrondicularia. 
There are three species in the silts from the canyon walls, but none of 
these species occurs in any of the core samples, either from the top of 
the core or from below. The species of Bulimina and Bolivina have 
little in common as they appear in the cores and in the silts from the 
canyon walls, yet the entire group of species of these two genera are living 
today. The same is true with other groups. Each silt sample from the 
canyon walls is discussed separately so far as the striking species are 
concerned, and a number of these species are figured. A chart showing 


Op. cit., p. 123. 
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the comparison of the fauna of the silts with those of the greensand and 
the cores is given. 

In studying the cores, which are of varying lengths, care was taken to 
wash separately material from about each inch of the core. It was found 
frequently that the foraminifera of the top sample, representing the 
present day fauna at this locality, were different from that of the sample 
at the bottom of the core, although this represented material from only 
a few inches below the present day floor. The chart shows the differences 
in the faunas from the top and the bottom samples of each core. 


Sample from Canyon III, Tow 9.—The foraminifera of this sample 
and that from the silt from Canyon II, Tow 6, are very similar, as will be 
seen from the chart. The fauna is similar to the living one but has many 
elements that are distinct, particularly the species of Plectofrondicularia. 
There are some species in common with the late Tertiary greensand from 
this same Tow 9, but they are mostly pelagic ones widely distributed by 
warm ocean currents. 

This and the other silts are distinctive from the present ocean-bottom 
samples and especially from the colder fauna found in some of the lower 
samples in the cores where Arctic species, such as Globigerina pachy- 
derma, predominate. The following species seem worthy of note: 


Proteonina difflugiformis (H. B. Brady) 
This is a temperate or cold water species now living in this same region™ 
Haplophragmoides canariensis (d’Orbigny) 
(Plate 4, figures 5a, b) 


This is one of the species of this general region which apparently does not extend 
much farther southward but does have a more northern extension of range.” 


Haplophragmoides trullissata (H. B. Brady) 
(Plate 4, figures 4a, b) 


Like the preceding, this is a species now living in this region but extending north- 
ward into colder waters.™ 


Karreriella novangliae (Cushman) 


This is one of the very typical living species of the region, and resembles species 
from the late Pliocene of Japan and from the Pliocene of Kar Nicobar.* 


83 J, A. Cushman: The Foraminifera of the Atlantic Ocean, U. S. Nat. Mus., Bull. 104, Pt. 1 (1918) 
p. 47. 

33 Op. cit., pt. 2, p. 38. 

% Op. cit., p. 43. 

35 Op. cit., pt. 3, p. 76, pl. 13, fig. 4. 
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Listerella nodulosa (Cushman) 
(Plate 4, figures 6a, b) 

This is a species described from this general area as “Clavulina communis d’Orbigny, 
var. nodulosa Cushman.”* This figured specimen is not a fully developed adult. 
Its definitely known range is from the region of Cape Cod southward to Cape Hat- 
teras. It has not occurred in the core samples, possibly because they were taken in 
too deep water. 

Listerella nodulosa (Cushman), var. glabrata Cushman 
(Plate 4, figure 7) 
Listerella nodulosa (Cushman) var. glabrata CusHMAN, Contr. Cushman Lab. Foram. 
Res., vol. 11 (1935) p. 77, pl. 12, fig. 1. 

This variety, described from this material, appears in considerable number with 
the larger, typical form of the species. It is smaller, and the material of the wall is 
decidedly different. It occurs in several of the silt samples but not in the greensand. 


Valvulina conica (Parker and Jones) 
This is a widely distributed species now living in the region.” 
Robulus cf. calear (Linné) 
(Plate 4, figures 8a, b) 
The range of this particular form is from this region southward.” 
Marginulina bacheii (Bailey) 
This is another of the species described from Recent material of this same region 
and found in the silts.” 
Glandulina laevigata d’Orbigny, var. occidentalis Cushman 
(Plate 4, figure 12) 
This variety is common as a living form in this same region.” 
Elphidium georgianum Cushman 
(Plate 3, figures 12a, b) 
Elphidium georgianum CusuMan, Contr. Cushman Lab. Foram. Res., vol. 11 (1935) 
p. 79, pl. 12, figs. 5a, b. 
This is a species which is a striking form in many of the cores, especially in the 
portions below the actual surface. It occurs only in the silts in this Tow 9. 
Plectofrondicularia basi-spinata Cushman 
(Plate 5, figures 2a, b) 
Plectofrondicularia basi-spinata CusHMaN, Contr. Cushman Lab. Foram. Res., vol. 11 
(1935) p. 79, pl. 12, figs. 11a, b. 
This and the following species represent distinct elements of the faunas from the silt 
samples of the canyon walls that do not occur in the cores, either at the surface or 


below. 


% Op cit., pt. 3, p. 85, pl. 18, figs. 1-3. 
3 Op. cit., p. 62. 

%8 Op. cit., pt. 4, p. 115. 

% Op. cit., p. 129. 

@ Op. cit., p. 64. 


— 


CRETACEOUS AND LATE TERTIARY FORAMINIFERA 


Plectofrondicularia angusti-costata Cushman 
(Plate 5, figures 5a, b) 
Plectofrondicularia angusti-costata CusHMAN, Contr. Cushman Lab. Foram. Res., 


vol. 11 (1935) p. 80, pl. 12, figs. 12a, b. 
See note with the preceding species. 


Nodogenerina antillea (Cushman) 
(Plate 5, figure 4) 
This species is rather common in the silt sample but is not found in the cores. It 


is more southern in its distribution than most of the other species, being recorded as 
ranging from Brazil to the Carolinas.“ 


Virgulina fusiformis Cushman 
(Plate 5, figures 6, 7) 

Originally described from the Miocene of Florida, this species has been found to be 
common, not only in the silt samples from the canyon walls but also in the samples 
from the cores. It is a small species and has apparently been overlooked in this 
region or else has been mistaken for the young of some of the larger species so 
abundant here but which do not occur in the silts from the canyon walls. 


Uvigerina peregrina Cushman, var. bradyana Cushman 
(Plate 5, figures 10a, b) 


This is another of the forms which is common in the living fauna of this region, also 
found in both the silts and the cores.“ 


Eponides frigida Cushman, var calida Cushman and Cole 


Although now common in this region, this variety was discovered from the Pleisto- 
cene of Wailes Bluff, Maryland. It represents a somewhat warmer water variety of 
the more northern E£. frigida. 


Anomalina coronata Parker and Jones, var. crassa Cushman 
(Plate 5, figures 13a-c) 


All that is known of this peculiar thick-walled variety is from this particular region. 
It is interesting, therefore, to find it in the silt sample as well as in the greensand of 
this same Tow 9. 

Sample from Canyon III, Tow 11—For the most part, the species 
from this sample are like those of Tow 9, but the fauna is not so rich, 
and more of the species are like the present-day fauna from this region. 
The presence of Plectofrondicularia georgiana, a species not found in 
any of the cores or surface samples, shows that it has certain elements 
not in the living fauna of this region, and so would tend to place it in the 
same group as the other silts, probably late Pliocene or early Pleistocene. 

The species are for the most part noted in the other silts, and are given 
in the table (p. 433). 


41 Op. cit., p. 91. 
42 Op. cit., p. 168. 
# Op. cit., pt. 8, p. 105. 
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Nodosaria cf. tosta Schwager 
(Plate 4, figure 17) 

This very elongate, slender species with high, plate-like, longitudinal costae occurs, 
as far as known, only at this station. It is close to the form found in the Pliocene 
of Humboldt County, California“ Schwager’s type specimen is from the Pliocene 
of Kar Nicobar, and agrees well with the material from Georges Bank and from 
California. 

Sample from Canyon II, Tow 6.—For the most part, the green silt from 
Tow 6, Canyon II, is very similar in its foraminiferal fauna to that from 
Tow 9, Canyon III. There are a very few species not found in the other 
green silts. The occurrence of the more important species will be found 
in the table (p. 432-433). 

Nearly all the species are known in a living condition in this general 
region, and are also found in the core samples. As in the other silts, the 
presence of Plectofrondicularia is noteworthy, as this does not occur in 
any of the core samples. Species figured or not found in the other silts 
are noted. 

Quinqueloculina sp.(?) 
(Plate 4, figures 9a-c) 

This is related to the colder-water species of this region, and is very rare, this 

being its only occurrence in any of the silt samples. 
Pyrgo depressa (d’Orbigny) 
(Plate 4, figure 10) 


This is a species of cool, deep water of this general region and northward.” 


Dentalina sp.(?) 
(Plate 4, figure 11) 


The figured specimen has only two chambers, and no specimens with more were 
found. The fragment shows, however, that this is exactly identical with three- and 
four-chambered fragments of the same species from the Arctic, collected by Cap- 
tain Robert Bartlett. It evidently represents a cold-water species. 


Nodosaria cf. pauperata d’Orbigny 


Specimens similar to those referred to this species, and figured in Bulletin 104 
of the United States National Museum,“ occurred in this sample. The species is 
known from this general region and in the Arctic. 


Nodosaria mucronata (Neugeboren) 


This species, known from this region northward into the Arctic, occurred at this 
station.” 


“J. A. Cushman, R. E. Stewart and K. C. Stewart: Tertiary Foraminifera from Humboldt County, 
Calif.; a preliminary survey of the fauna, San Diego Soc. Nat. Hist., Tr., vol. 6 (1930) pl. 3, fig. 1. 
4 J. A. Cushman: The Foraminifera of the Atlantic Ocean, U. 8. Nat. Mus., Bull. 104, pt. 6 (1929) 
p. 71. 
4 Op. cit., pt. 4, pl. 14, fig. 13. 
47 Op. cit., p. 80. 
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Glandulina basispinata Cushman 
(Plate 4, figures 13-15) 


Glandulina basispinata CusuMaN, Contr. Cushman Lab. Foram. Res., vol. 11 (1935) 


p. 78, pl. 12, figs. 6-8. 
This peculiar species occurs in this material and also in Canyon III, Tow 9. It 


is to be looked for in Recent material of this same region. 


Sigmomorphina williamsoni (Terquem) 
(Plate 4, figure 16) 


This species seems not to be known previously from the western Atlantic. It 
was originally described from off the British Isles.“ 


Nonion labradoricum (Dawson) 


This is one of the characteristically cold-water species of the genus, ranging mostly 
northward from Cape Cod.” 
Elphidium incertum (Williamson) 


This is a typical species of this general region at the present time and ranges 


northward.” 
Plectofrondicularia georgiana Cushman 


(Plate 5, figures 3a, b) 


Plectofrondicularia georgiana CusHMAN, Contr. Cushman Lab. Foram. Res., vol. 11 
(1935) p. 79, pl. 12, figs. 13 a, b. 

This species is found in some of the other silt samples but not in any of those 
from the cores. It is noteworthy that the three species occurring in the silt samples 
from the canyon walls do not occur in the core samples. P. advena Cushman does 
occur in Recent material from this region, but was not found in any of the silts 


from the canyon walls. 
Bulimina gracilis Cushman 
(Plate 5, figures 8a, b) 


This species, described originally from the Miocene of Florida, occurs in this 
silt sample but not in the others. 


Buliminella elegantissima (d’Orbigny) 


This is a widely distributed species, occurring in all three silt samples from the 
canyon walls but not in the greensand. It is interesting to note that it occurred in 
only one of the core samples, and in that it was in the top sample only. It indicates 
a slight difference in the fauna of the silts and that of the present. 


Bolivina alata (Seguenza) 
(Plate 5, figures 9a, b) 


This species, already noted from one of the other silts, is a widely distributed one. 
The figured specimen is from this sample. 


48 J, A. Cushman and Yoshiaki Ozawa: Monograph of the foraminiferal family Polymorphinidae, 
recent and fossil, U. S. Nat. Mus., Pr., vol. 77, art. 6 (1930) p. 138. 

49 J, A. Cushman: The Foraminifera of the Atlantic Ocean, U. S. Nat. Mus., Bull 104, pt. 7 (1930) 
p. ll. 

5 Op. cit., p. 18. 
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Eponides frigida (Cushman) var. calida Cushman and Cole 


This variety occurs in this general region at the present time and also in silts 
both from the canyon walls and from the cores. The types are from the Pleistocene 
of Wailes Bluff, Maryland. 


Globigerinoides conglobata (H. B. Brady) 


This species was found in three of the four silt samples and in a few of the core 
samples. It occurs in this region now where the Gulf Stream influence at the surface 
carries these pelagic forms northward. 


Orbulina universa d’Orbigny 


This is the only sample from the canyon walls in which this species was found, 
though it normally occurs with the preceding and other related species that are present 
in the silt. It occurs in many of the core samples. 


Cassidulina crassa d’Orbigny 
(Plate 5, figures 12a, b) 


This species is found in the silt samples from Canyon II, Tow 6, and Canyon III, 
Tow 9, as well as in the cores. As a living species, it is known from this general region 
and is widely distributed." 


Cassidulina laevigata d’Orbigny var. 
(Plate 5, figures 11a, b) 

This species occurs in the two silt samples already noted and in many of the cores.® 
The specimen figured is an abnormal one of this species, which occurs in all grada- 
tions from the typical form with an entire margin, to specimens with a decidedly 
lobular periphery. 


DISTRIBUTION 


In order to make more graphic for the reader, the distribution of the 
foraminifera in the late Tertiary greensand and silts from the canyon 
walls, and the cores, the table (p. 432-433) is presented. It will also 
serve to show the very considerable difference in faunas of the samples 
from greensand, Canyon III, Tow 9, and the three samples of silt from 
the canyon walls. It also shows the wide distribution of the pelagic 
species such as Globigerina, Globigerinoides, Globorotalia, in both the 
samples from the canyon walls and those from the cores. In order to 
make more definite the distinction between the present-day fauna of this 
region and the fossil ones of the canyon walls, the last nine species on the 
table show rather common and typical present-day species. It will be 
noted that none of these species occurs in the silt nor in the samples from 


61 J. A. Cushman: The Foraminifera of the Atlantic Ocean, U. S. Nat. Mus., Bull. 104, pt. 3 (1922) 
p. 124. 
52 Op. cit., p. 122. 
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the canyon walls. Sample 1 refers to the top of the core and the other 
numbers to varying parts of the same core. Number 1, therefore, in each 
core represents the actual fauna living at this point at the present time. 


SHaron, Mass. 
MANUSCRIPT RECEIVED BY THE SecRETARY OF THE SocieTy, Ocroser 18, 1935. 
Reap THE GeoLocicaL Soctery, Decemper 27, 1934. (Presented by Stetson, as part of the general 

problem, see p. 339.) 
ConTRisuTION No. 82, Woops Hote OcgaNocraPHIC INSTITUTION. 
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PuaTE 1 
SPECIMENS FROM CRETACEOUS GREENSAND OF CANYON II, TOW 6 
Figures 1a, b.—Verneuilina sp. (?) 100. a, front view; b, apertural view. 
Figures 2a, b.—Dorothia bulletta (Carsey). X33. a, front view; b, apertural view. 


Figure 3. —Vaginulina navarroana Cushman, n.sp. X60. 
Figure 4. —Vaginulina cf. wadei Kelley. X33. 

Figure 5. —Vaginulina cretacea Plummer. X22. 

Figure 6. —Nodosariasp.(?). X45. 


Figures 7a, b.—Bolivinita selmensis Cushman. 133. a, front view; b, apertural 
view. 

Figure 8a, b.—Giimbelina globulosa (Ehrenberg). X60. a, front view; b, apertural 
view. 

Figures 9a, b.—Giimbelina tessera (Ehrenberg). X80. a, front view; b, apertural 
view. 

Figures 10a, b.—Lozostomum plaitum (Carsey). X80. a, front view; b, apertural 
view. 

Figures 1la, b.—Gimbelina striata (Ehrenberg). X60. a, side view; b, front view. 

Figures 12a, b.—Giimbelitria cretacea Cushman. X133. a, front view; b, apertural 
view. 

Figures 13a, b.—Pseudouvigerina plummerae Cushman. X110. a, front view; b, 
apertural view. 


Figures 14a-c.—Globotruncana arca (Cushman). X60. a, dorsal view; b, ventral 
view; c, peripheral view. 
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PLATE 2 
SPECIMENS FROM THE LATE TERTIARY GREENSAND OF CANYON III, TOW 9 
Figures 1a, b.—Robulus d’orbignyii (Bailey). X20. a, side view; b, peripheral view. 
Figures 2a, b.—Robulus sp.(?). 20. a, side view; b, peripheral view. 
Figure 3. —Robulus sp.(?) X33. 


Figures 4,5. —Marginulina georgiana Cushman. X22. Fig. 4, Paratype. 5a, b, 
Holotype. a, side view; b, peripheral view. 


Figure 6. —Marginulina schloenbachi (Reuss) (?). X33. 

Figure 7. —Dentalina hirsuta d’Orbigny, var. aculeata d’Orbigny. X33. 

Figures 8, 9. —Dentalina cf. adolphina d’Orbigny. X33. 

Figures 10a, b.—Nonion pompilioides (Fichtel and Moll), var. X60. 

Figure 11. —Nodogenerina georgiana Cushman. X33. 

Figures 12a, b.—Gutiulina georgiana Cushman. X27. a, front view; b, apertural 
view. 

Figures 13, 14.—Nodosaria vertebralis (Batsch), var. albatrossi Cushman. X20. 13, 
apertural portion; 14, initial portion. 

Figures 15, 16.—Lorostomum georgianum Cushman. X80. Fig. 15, Holotype; Fig. 
16, Paratype. aa, front views; bb, apertural views. 

Figures 17a, b.—Angulogerina angulosa (Williamson), var. X80. a, front view; 
b, apertural view. 

Figures 18a, b.—Uvigerina auberiana d’Orbigny. X60. a, front view; 6, apertural 
view. 
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Figures 12a, b.—Elphidium georgianum Cushman. X33. a, side view; 6, apertural 


Figures 13a-c.—Globorotalia hirsuta (d’Orbigny). 50. a, dorsal view; b, ventral 
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PuaTE 3 


SPECIMENS FROM THE LATE TERTIARY GREENSAND (FIGURE 12 FROM GREEN SILT) OF 


CANYON III, TOW 9 


1, 2. —Uvigerina flintii Cushman. X33. aa, front views; bb, apertura 


views. 


3a-c. —Valvulineria georgiana Cushman. X33. a, dorsal view; b, ventral 


view; c, peripheral view. 


4a-c. —Eponides umbonata (Reuss). X80. a, dorsal; b, ventral; c, peripheral 


view. 


5, 6. —Unicosiphonia crenulata Cushman. X33. 65a,b, Paratype; a, side 


view; b, apertural view. Figure 6, Holotype. 


7a-c. —Siphonina pulchra Cushman. X60. a, dorsal view; b, ventral view; 


c, peripheral view. 


8a, b.—Globigerinoides rubra (d’Orbigny). X60. a, dorsal view; b, ventra 


view. 


9a, b.—Ehrenbergina trigona (Goés). X50. a, front view; b, apertural view. 
Figures 10a, b.—Pullenia quinqueloba (Reuss). X60. a, side view; b, apertural view. 
Figures 1la, b.—Pullenia sphaeroides d’Orbigny. X80.. a, side view; 6, apertural 


view. 
view. From Green clay of Canyon III, Tow 9. 


view; c, peripheral view. 
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PLATE 4 
SPECIMENS FROM LATE TERTIARY GREENSAND AND SILTS OF CANYONS II AND III 


Figures 1a, b.—Sphaeroidina bulloides d’Orbigny. X45. a, dorsal view; b, ventral 
view. 


Figures 2a-c.—Cibicides sp.(?). 45. a, dorsal view; 6, ventral view: c, peripheral 
view. 


Figures 3a-c.—Cibicides pseudoungeriana (Cushman). X60. a, dorsal view; 5, 
ventral view; c, peripheral view. 


Figures 4a, b.—Haplophragmoides trullissata (H. B. Brady). X80. a, side view; 
b, peripheral view. 


Figures 5a, b.—Haplophragmoides canariensis (d’Orbigny). X45. a, side view; b, 
peripheral view. 


Figures 6a, b.—Listerella nodulosa (Cushman). X33. a, front view; b, apertural 
view. 
Figure 7. —Lisierella nodulosa (Cushman), var. glabrata Cushman. X45. 


Figures 8a, b.—Fobulus cf. calear (Linné). X27. a, side view; 6, peripheral view 
Figures 9a-c. —Quinqueloculina sp.(?). X60. a, b, opposite sides; c, apertural view. 
Figure 10. —Pyrgo depressa (d’Orbigny). X33. 

Figure 11. —Dentalinasp.(?). X60. 

Figure 12. —Glandulina laevigata d’Orbigny, var. occidentalis Cushman. X60. 


Figures 13-15.—Glandulina basispinata Cushman. X33. 13a, front view; b, apertural 
view. 


Figure 16. —Sigmomorphina williamsoni (Terquem). X60. 
Figure 17. —Nodosaria cf. tosta Schwager. X27. 
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PuaTe 5 
SPECIMENS FROM THE LATE TERTIARY GREEN SILTS 

la-c. —Nonionella auris (d’Orbigny). 33. a, dorsal view; b, ventral view; 
c, peripheral view. 

2a, b.—Plectofrondicularia basi-spinata Cushman. X27. a, front view; 
b, apertural view. 

3a, b.—Plectofrondicularia georgiana Cushman. X27. a, front view; }, 
apertural view. 

4. —Nodogenerina antillea (Cushman). X33. 

5a, b.—Plectofrondicularia angusti-costata Cushman. X33. a, front view; 
b, apertural view. 

6, 7. —Virgulina fusiformis Cushman. X80. 

8a, b.—Bulimina gracilis Cushman. X60. a, front view; b, apertural view. 

9a, b.—Bolivina alata (Seguenza). X45. a, front view; b, apertural view. 


Figures 10a, b.—Uvigerina peregrina Cushman, var. bradyana Cushman. X45. 


a, front view; b, apertural view. 


Figures 11a, b.—Cassidulina laevigata d’Orbigny, var. X45. a, side view; b, periph- 


eral view. 


Figures 12a, b.—Cassidulina crassa d’Orbigny. X60. a, side view; b, peripheral view. 
Figures 13a-c.—Anomalina coronata Parker and Jones, var. crassa Cushman. X33. 


a, dorsal view; b, ventral view; c, peripheral view. 


— 
Figures 
— 
ae 


BULL. GEOL. SOC. AM., VOL. 47 CUSHMAN, PL. 5 


SPECIMENS FROM LATE TERTIARY GREEN SILTS 


| 

at. fay ont | 


gee 
= 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 47, PP. 441-458, 4 PLS., 2 FIGS, MARCH 31, 1936 


CONTINENTAL SHELF SEDIMENTS OFF THE 
MID-ATLANTIC STATES 


F. P. SHEPARD AND G. V. COHEE 
CONTENTS 


Marine non-depositional unconformity... 
Significance of authigenic 


Page 
442 
443 
443 
443 4 
443 
444 
444 
Relation of size to distance from shore. 445 
Median diameters and shelf profiles... 445 
448 
| 455 
| 456 
456 
456 
457 
(441) 


442 SHEPARD AND COHEE—CONTINENTAL SHELF SEDIMENTS 


ILLUSTRATIONS 
Figure Page 
1. Comparison between depth profiles and sediment median diameters........ 446 
2. Comparison between depth profiles and sediment median diameters........ 447 
Plate Facing page 

INTRODUCTION 


A number of articles have appeared in recent years, describing sedi- 
ments from various parts of the continental shelf, but, in those studies, 
only a few samples have been available from any particular portion of 
the shelf. It seemed desirable, therefore, to study an area for which a 
much larger number of samples was available, especially in view of the 
abundant evidence, found by the senior author,’ suggesting a contrast 
between present shelf sediments and those laid down in the seas of the 
past. These previous studies had indicated, more particularly, that the 
rule of decreasing grain-size with increasing distance from the shore 
would not hold for the continental shelf. 

The area chosen for this study was the shelf between Delaware Bay 
and Martha’s Vineyard, represented by a large collection of samples, 
taken by the United States Coast and Geodetic Survey, and stored, 
without study, in the United States National Museum. Seven hundred 
samples were selected, from points widely scattered over the area (PI. 1). 
Mechanical analyses were made of 200 samples, and heavy mineral 
studies of 60 of this group. The others were examined, chiefly under a 
binocular microscope, to-determine the general character and to estimate 
the median size. Various diagrams and maps have been prepared to 
show the distribution and character of sediment on this part of the shelf. 

The average weight of the samples was about 20 to 25 grams. So far 
as could be ascertained, they were collected with small telegraph snappers. 
The samples may be too small to be representative, and pebbles may 
have been caught in the jaws of the snapper, allowing loss of some of 
the sand, and thus concentrating the coarser fraction. Despite these 
shortcomings, the large number of samples probably makes the con- 
clusions reasonably reliable. 

The writers wish to acknowledge the kindness of Dr. Waldo Schmitt, 
of the United States National Museum, in making the samples available. 
Appreciation is also expressed by the senior author, to the Geological 
Society of America, for funds for drafting the illustrations. 


1F. P. Shepard: Sediments of the continental shelves, Geol. Soc. Am., Bull., vol. 43 (1932) 
p. 1017-1040. 
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METHODS OF ANALYSIS 


Mechanical analyses were made by sieving the coarser, and pipetting 
the finer, grades. Shells and other solubles, including salt, were removed 
from the samples with dilute acid and washing. If there was sufficient 
silt to form aggregates, it was washed through a 132-millimeter sieve. 
This silt was collected and analyzed by the pipette method described by 
Krumbein.? Great care was used in preparing the sample, to see that the 
colloidal dispersion was complete and that the individual particles were 
not crushed. Also, the pipetted material was weighed with special care, 
because any error at this stage is later multiplied by 50 in the calcula- 
tion of the amount of material of each size. 

The removal of the calcium carbonate shells, before analysis, is thought 
by some students of sediments to be an unwise procedure, as some of 
it may be detrital material. However, the microscopic examinations 
having indicated that most of it was of organic origin, its size would tell 
nothing about the power of waves or currents which distributed the sedi- 
ment, which was to be interpreted from the mechanical analyses. 


GRAPHIC RESULTS 
GENERAL STATEMENT 


One of the chief problems in reporting studies of marine sediments is 
to present the data graphically so that it can be properly interpreted by 
the worker and readily comprehended by the reader. The relative 
values of histograms and cumulative curves have been discussed.2 Each 
method of portraying a mechanical analysis has disadvantages. The 
histogram is subject to considerable change with a variation in the sizes 
of sieves, and the cumulative curve is subject to the personal equation, 
since there are various ways of drawing the curves. The writers believe 
that most readers prefer histograms for showing the general nature of 
the sediment, particularly for showing secondary maxima. On the other 
hand, cumulative curves are of value in estimating the median diameter 
of samples. Accordingly, both methods have been employed, and illus- 
trations giving the results of both are included. Plate 2 shows a number 
of the histograms, representing various parts of the shelf. 

“ISO-MEGATHY” MAP 


In order to show the distribution of median diameter in a readily 
interpretable form, a new type of map was devised with lines connect- 


2W. C. Krumbein: The hanical analysis of fine-grained sediments, Jour. Sed. Petrol., vol. 2 


(1982) p. 140-149. 
8E. W. Galliher: Cumulative curves and histograms, Am. Jour. Sci., 5th ser., vol. 26 (1933) 


p. 475-478. 
L. Dryden: Discussion of cumulative curves and histograms, Am. Jour. Sci., 5th ser., vol. 27 


(1934) p. 146-147. 
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ing points of equal size medians (Pl. 3). The writers have termed these 
lines “iso-megathies.”* In this particular case, all the 700 samples are 
represented. The size medians of the unanalysed samples were esti- 
mated with the help of the binocular microscope. Comparison of these 
estimated medians with the medians obtained by analysis showed that 
the discrepancies were small except where the material was largely silt, 
and, incidentally, very few of the medians came within the silt range. 


SEDIMENT DISTRIBUTION MAP 


A map showing the general type of sediment on the different portions 
of the shelf (Pl. 4) was also prepared. This map shows certain features 
which cannot be obtained from the “iso-megathy” chart. The “iso- 
megathy” chart does not indicate whether or not there is gravel in a 
sample whose size median is small, but descriptive terms, such as silt, 
sand, or gravel, bring out this point, as is shown on the distribution map 
(Pl. 4). On the other hand, the distribution map gives place to the histo- 
gram map (PI. 2) in showing the relative abundance of the various 
materials. The foregoing discussion emphasizes the value of using the 
three varieties of maps which accompany this report.’ In addition to 
these, profiles have been made across and along the shelf to show the 
comparison of the size medians and the depth of water (Figs. 1, 2). 


CONTINENTAL SHELF SEDIMENT 
DISTRIBUTION IN ZONES 


On the basis of mechanical analysis of its sediment, the shelf off the 
Mid-Atlantic States can be divided into two major zones (Pl. 4). A 
southern zone, from Delaware Bay to Block Island, contains sediments 
composed almost entirely of sand with subordinate amounts of gravel, 
but with sediment almost as coarse at the seaward edge of the shelf. 
The northern zone, extending from Block Island practically to Georges 
Bank,® has decidedly finer sediment on the outer portion of the shelf, 
but the inner portion shows the same patchy arrangement of coarse and 
fine material found farther south. 

In addition to these two zones, somewhat finer sediment was discovered 
in the shallow submarine valley of the Hudson, which crosses this part 
of the shelf. In part of Long Island Sound, was discovered a zone of 
much finer sediment, which is probably also to be found in other indenta- 


“This name, suggested by Professor W. A. Oldfather, of the University of Illinois, means equal 
sizes. 
5 Complete tables, histograms, and cumulative curves of the analyzed sediments will be available 
in a forthcoming paper. 

®F. P. Shepard, J. M. Trefethen, and G. V. Cohee: Origin of Georges Bank, Geol. Soc. Am., 
Bull., vol. 45 (1934) p. 281-302. 
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tions along this part of the coast. On the border of the continental shelf 
the sands are generally mixed with silt, whereas the continental slope 
is covered, for the most part, with silt grading into clay at the base. 


RELATION OF SIZE TO DISTANCE FROM SHORE 


General topography.—The general topography of the shelf is shown 
by the contours on the various maps. As on most continental shelves, 
there are broad, relatively flat, zones, at depths between about 10 and 
50 fathoms, whereas at greater depths the slope increases and becomes 
marked at the 100-fathom line. On the flatter portions of shelf in the 
area studied, the kind of sediment does not show much variation, either 
with increase in depth or with distance from shore, except that the outer 
shelf has more silt in the northeastern part of the area. Even in this 
zone it is notable that, after sifting out the silt from the samples, size of 
sand is approximately the same as that in relatively shallow depths near 
shore. 


Median diameters and shelf profiles—The profiles showing a com- 
parison between the depths and the grain-size medians of sediment (Figs. 
1, 2) further indicate the lack of relation between depth and distance 
from shore, on the one hand, and size of grain, on the other. The median 
sizes are decidedly smaller on the continental slope, but in a line across 
the shelf, they merely show alternate decrease and increase. The greater 
irregularity of the graph of medians in profile 1 (Fig. 1) is probably 
due only to the greater abundance of data. This profile was based on 
information supplied by H. C. Stetson, of the Woods Hole Oceano- 
graphic Institution. It may be assumed that the other graphs would 
show similar irregularities if enough data were available. In profile 4 
(Fig. 2) the medians run consistently lower than in the others. This is 
because the samples were taken along the submarine valley of the 
Hudson. Possibly some of the coarser samples in the intermediate por- 
tion of the profile do not come from points directly in the submarine 
valley, for positions are by no means certain at this distance from land. 

Profile 7 (Fig. 2) runs roughly parallel to the shore, along a line where 
an abundance of samples was obtained. This line serves to show that 
the irregularity of the medians is as great along the shelf as it is across 
it, an observation which is corroborated by examination of the “iso- 
megathy” map. 

CHARACTER OF THE GRAINS 

Sorting—Continental shelf sediments in general are notable for their 
poor sorting. As will be seen from the histograms (Pl. 2), most of the 
samples in this area are poorly sorted. The best sorting is found in the 
samples from the New Jersey shelf, where the bottom is evidently almost 
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Ficure 1—Comparison between depth profiles and sediment median diameters 
Data for Section 1 supplied by H. C. Stetson. Sections run transverse to the shelf. 
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Ficure 2—Comparison between depth profiles and sediment median diameters 
Section 4 is entirely along the submarine valley of the Hudson, so far as could be determined. Section 7 is run roughly along the shelf 
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free from silt, and where the sands are largely around the middle sizes. 
Much of this material looks like beach sand, and a comparison of it with 
the beach sands of New Jersey and Long Island, previously described 
by McCarthy,’ showed that there was, in fact, much similarity. 

Secondary maxima are found in many of the samples, notably in the 
sand and silt zone in the eastern portion of the area (P]. 4). These show 
two distinct types of sediment, although, on the other hand, the second- 
ary maxima which characterize many of the gravel samples are less 
significant, it being usual to find various grades of sand mixed with 
gravel deposits. Particularly poor sorting is found near the outer margin 
of the shelf, where gravel is mixed with sand, and even with silt. 


Shape of grains——As regards the shape of the larger sand grains, the 
area is divided into two provinces, which are separated roughly by the 
submarine valley of the Hudson. To the south, the grains are well- 
rounded; to the north and east they are quite angular, particularly those 
of the heavy minerals. Furthermore, to the south smaller grains are not 
so well rounded as the larger ones. 


Frosted and pitted surfaces—Every sample examined proved to con- 
tain a small percentage of frosted and pitted spherical grains such as 
are common in wind-blown sands. Such grains were found even in a 
sample from a depth of 1470 fathoms, at the base of the continental 
slope. 

PEBBLES 

Because the telegraph snappers used in collecting the samples are too 
small to pick up large pebbles and cobbles, it is impossible to say whether 
or not they exist on this part of the continental shelf. The largest 
pebbles measure about three centimeters, but most of them are less than 
two centimeters in diameter. The majority are rounded, but a consider- 
able percentage of those found off Long Island, Block Island, and 
Martha’s Vineyard are angular to sub-angular. 

Off the New Jersey coast the pebbles consist chiefly of quartz, sand- 
stone, quartzite, and chert, with occasional sub-angular ones of igneous 
and metamorphic rocks. In the northern zone, a much greater variety 
was found, including quartz, orthoclase, granite, pegmatite, gabbro, 
peridotite, diorite, basalt, sandstone, shale, slate, and hornblende schist. 


PETROGRAPHY OF THE SANDS 


Most abundant minerals—The most common mineral is quartz, with 
feldspar next in abundance. Colony® states that feldspar is more abun- 


7G. R. McCarthy: Coastal sands of the eastern United States, Am. Jour Sci., 5th ser., vol. 22 
(1931) p. 35-50. 

8R. J. Colony: Source of Long Island and New Jersey sands, Jour. Sed. Petrol., vol. 2 (1932) 
p. 155. 
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dant in the sands of the beaches of Long Island than in those of New 
Jersey, and that it occurs in larger percentage in the beaches on the 
eastern end of Long Island than in the beaches on the western end of the 
island. The same relationship is found on the shelf off these beaches. 
Off Long Island, feldspar comprises from 20 to 30 per cent of the light 
fraction of the sand, with quartz constituting almost all of the remainder; 
whereas the shelf off New Jersey contains from 10 to 20 per cent of 
feldspar. 


Heavy minerals—The heavy minerals vary from almost nothing to 
about 8 per cent, with an average for the entire shelf of 2 to 3 per cent 
of the sample. The amount of heavy minerals is so variable that no 
marked gradual increase or decrease from one part of the shelf to another 
was noted. However, the amount of heavy minerals was usually lower 
in the samples near shore than in those farther out on the shelf. Heavy 
minerals are present, but in very small quantities, in the silt and clay 
of the continental slope and of the ocean deep at the base of the slope. 

The most common heavy minerals are andalusite, biotite, garnets 
(pink, colorless, and salmon-colored), hornblende, hypersthene, ilmenite, 
magnetite, rutile, staurolite, titanite, and tourmaline. Those which are 
less common are augite, clinochlore, cyanite, epidote, glauconite, leu- 
coxene, limonite, monazite, pyrite, sillimanite, tremolite, zircon, and 
zoisite. 

Localized mineral types—Although the distribution of the heavy 
minerals over the shelf is very general, some minerals are found to be 
diagnostic of definite zones. Biotite is abundant in the silt zone east 
of the Hudson submarine valley and in the valley itself, but it is very 
rare in the sandy zone off Long Island and on the shelf off New Jersey. 
Biotite is found in the samples near the shore south of Delaware Bay, 
but in no great abundance. In agreement with Alexander’s observa- 
tions,® it was found that angular salmon-colored garnets are abundant 
on the New Jersey shelf near the submarine valley. The marked angu- 
larity of these grains, in contrast with the well-rounded grains found 
in the same samples, indicates that possibly they were derived from 
the glacial debris carried out by the Hudson River during the lowered 
sea level, and distributed on the shelf by littoral currents. Hornblende 
is more abundant on the east side of the submarine valley, especially 
in the silt zone. In an area off the New Jersey coast, south of Latitude 
40° North, and extending to the Hudson submarine valley, and also 
in the central portion of the shelf for a short distance northeast of the 


tinental sediments, Jour. Sed. 


9A, E. Alexander: A petrographic and petrologic study of some 
Petrol., vol. 4 (1934) p. 12-22. 
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submarine valley, the sediments are probably reworked Tertiary forma- 
tions, for they show characteristics more suggestive of Tertiary than of 
Quaternary. In this area, well-rounded, frosted, and pitted pink garnets, 
staurolite, titanite, tourmaline, and, of the light fractions, highly 
weathered feldspar, are characteristic. 


Authigenic minerals—It is believed that certain grains of limonite 
and glauconite are authigenic, because their particles are loosely aggre- 
gated. Pyrite also occurs in flat, elongated clusters of small crystals. 
Had these aggregates been transported for even a short distance, they 
would have been completely broken up. Alexander described a limonite 
zone off Martha’s Vineyard and Block Island and a glauconite zone on 
the outer edge of the shelf off the same area, that extends southward.’° 
The present writers have found, from an examination of a larger number 
of samples and of samples over a greater area, that the distribution of 
these authigenic minerals is not so restricted as Alexander supposed. 
Glauconite was found in almost every sample examined, from all parts 
of the shelf. It was even found near shore in 10 to 15 fathoms of water. 
Glauconite in the off-shore sediments cannot definitely be described as 
authigenic in origin, for glauconite formations crop out along the New 
Jersey shore.. However, the glauconite off Long Island may be authi- 
genic, because, according to Colony," the beach sands in that area do 
not contain glauconite. 

Limonite in small quantities is widely distributed over the near-shore 
zones, as Alexander reported. Authigenic pyrite was found to be par- 
ticularly abundant in the silt-sand zone east of the Hudson submarine 
valley, but it is very scarce in the sandy area off New Jersey and 
Long Island. 


Calcium carbonate—The calcium carbonate in the sediments, so far 
as could be determined, was almost entirely in the form of shells. No 
colloidal calcium carbonate was found. It was a common experience 
to find shells with a powdery, weathered surface, indicating that calcium 
carbonate is being dissolved rather than precipitated on the bottom at 
the present time. 


SHELLS 


Most of the samples contain some shell, but, in general, this makes up 
only a small percentage of the total. Of the macro shells, pelecypods and 
sea urchins of the form Echinoarachinus are most abundant; gastropods 
are found in smaller numbers, particularly in the deeper areas. Of the 
micro shells, many genera of foraminifera were found, but no other groups 


10 Op. cit., p. 20-22, and fig. 1. 
1 R. J. Colony: op. cit., p. 156. 
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were represented. Benthonic foraminifera are present at depths shal- 
lower than 100 fathoms, but are much more abundant at great depths, 
where Globigerina is the predominant form. Some of the samples from 
the continental slope contain as much as 33 per cent of foraminifera. The 
sand-silt zone in the eastern part of the area has the smallest quantity 
of shells. 

Nearly every shell and fragment gave evidence of the attack of boring 
molluscs. Dangeard* has discussed the importance of perforating organ- 
isms in the destruction of shells, and even of rock, on the floor of the 
English Channel. It seems possible that most of the fragmentation of 
the shells in these samples was produced by this means rather than by 
wave action. Of course, the telegraph snappers probably broke some 
of the shells in collecting the samples. 

No complete study of the shell types was made, but, so far as could 
be determined, all the macro forms were of recent age. The following 
genera were represented: Astarte, Venericardia, Spisula, Nucula, Crepi- 
dula, Nassarius, Bela, and Turritella.** 


COASTAL FORMATIONS 

Before discussing the origin of the sediments, a brief statement should 
be made concerning the formations along this part of the coast. The 
geological map of New Jersey (1912) shows that Tertiary and Quater- 


nary formations crop out along the coast, except in a restricted area, 
from Allenhurst up to and including Raritan Bay, where Cretaceous 
formations are found. 

The Cretaceous formations, which crop out in a belt, 12 to 15 miles 
wide, across the State and along the lower Delaware River, are beds of 
unconsolidated sands, clays, and glauconitic marls. The beds dip 25 
to 50 feet per mile to the southeast and are thickest in the vicinity of 
Raritan Bay.'* 

The Tertiary formations’® include the following: The Shark River 
marl, a glauconitic greensand intermingled with light clay; the Kirkwood 
formation, predominantly fine micaceous quartz sands; The Cohansey 
sand, which forms the surface of the Coastal Plain over a wider area 
than any other single formation, consists chiefly of quartz sand with 
lens-shaped beds of light-colored clay and occasional lenses of gravel; 
the Beacon Hill gravel, which occurs as outliers on the higher hills of 
Monmouth County, consists chiefly of quartz pebbles, but also contains 


121,, Dangeard: Géologie sous-marine de la Manche, Ann. de l'Institut océanographique, vol. 1, 
p. 193. 

13F, C. Baker, of the University of Illinois, kindly verified the identification of these forms. 

4J, V. Lewis and H. B. Kiimmel: The geology of New Jersey, N. J. Geol. Surv., Bull. 14 (1915) 
p. 70-73. 

1% Op. cit., p. 70-73. 
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much chert and some pebbles of quartzite and hard sandstone. The 
Quaternary formations are gravel and sand with some clay. 

The surface of Long Island is covered nearly everywhere with morainic 
deposits and outwash material.‘ The Wisconsin terminal moraine cuts 
diagonally across the island. At the eastern end, it forms a part of the 
shore itself, but, at a point a few miles west of Hither Plain, it swings 
inland, from the outwash plain along the shore. The moraine contains 
an abundance of boulders and gravel derived from the crystalline com- 
plex of New England."” 


ORIGIN OF THE SHELF SEDIMENTS 
HYPOTHESES 


Working on sediments from this same area, Alexander came to the 
conclusion that “It [the continental shelf] has been a site of active 
deposition in the geologically recent past, and doubtless continues to 
be so.”’® When this statement is examined in the light of the information 
presented above, evident difficulties stand in the way of its acceptance. 
If these sediments, which contain much of the coarsest material on the 
outer part of the shelf, represent recent accumulations under present 
conditions, the general axiom, that coarse sediments are deposited near 
the shore and fine materials are carried seaward, apparently is not 
applicable to this area. Moreover, some means must be devised for 
explaining the association of silt with coarse sand and pebbles. The 
alternative explanation, that the sediment is largely residual from pre- 
vious conditions and partly a lag concentrate, should be considered. 


PRESENT-DAY INFLUENCES 


General statement.—If the sediments are at present building up the 
shelf and being carried out from the shore, there should be not only 
adequate sources of sediment, but also means of transporting the gravel 
as well as the finer materials across the shelf. Unfortunately, knowledge 
of present-day conditions, particularly of the floor of the shelf, is inade- 
quate, but some inferences can be made. 


Sources of sediment——Abundant evidence shows that most clastic 
sediments are supplied to the ocean by rivers. The rivers along the 
mid-Atlantic coast, however, contribute no notable quantity of sedi- 
ment, because all the larger ones enter estuaries, where, in the quiet water, 
they deposit all except the very finest material. The fine sediments of 
the bays are largely derived from this source. 


16 A. C. Veatch et al.: Underground water resources of Long Island, New York, U. 8. Geol. Surv., 
Prof. Pap. 44 (1906) p. 50. 
17R. J. Colony: op. cit., p. 158. 
18 A. E. Alexander: op. cit., p. 22. 
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Another possible source is the erosion of the coast by waves. Engineers 
who have studied coasts have found that the waves tend to move the 
gravel and sand portions of the sediment along the coast, sometimes 
carrying it in and building up the beaches, and sometimes carrying it 
out, but not transporting it very far seaward. The finer material may 
be carried out much farther, probably completely across the shelf. 
Recently, the senior writer was able to check these observations with 
data furnished from examination of piers along the coast near Los 
Angeles. At the end of piers, about 1000 feet long, rain storms washed 
out very fine sand and silt, covering the pre-existent gravel bottom. 
Samples obtained from the same piers during a subsequent wind storm 
showed that the fine material was still there, having neither been removed 
nor covered by the coarser sand which was available in great quantities 
along the coast. 


Wave action on the shelf —An interesting discussion of the “Depth of 
Wave Action” was made by Johnson.’® He showed that the evidence 
was somewhat contradictory, for engineering structures appear to be 
unaffected at depths greater than 26 feet, whereas much indirect evidence 
and theoretical considerations show that there may be a fair degree of 
agitation down to depths of 600 feet or more. The present study has 
added some information to the subject, largely from the marine organ- 
isms in the sediment. The fragmentation of the shells, as already 
explained, can be accounted for by boring organisms, so that it does not 
necessarily enter into the problem. However, most shells from less than 
8 fathoms showed signs of wear, but this smoothing action does not 
appear to have affected the shells at greater depths. In a sample, marked 
11 fathoms, off the New Jersey coast, large pebbles were found incrusted 
with bryozoans, with sand in the sample. Bassler”® states that moving 
sands are not favorable for the growth of bryozoans. Movement of the 
pebbles would certainly have destroyed these incrustations. 

The relative amount of rounding of the pebbles and sand does not 
seem to give much indication of the effect of present-day waves. As 
previously stated, there is more rounded material found off the coast of 
New Jersey than off Long Island and the area to the east. This rounding 
is in no way related to the exposure of the coasts nor even to the depth 
of water. Off Long Island, sub-angular pebbles are found near shore 
and more rounded pebbles well out on the shelf. The rounding seems 
to be largely inherited. The pebbles and sand off New Jersey probably 
come from formations which have rounded materials, whereas the angular 


19D. W. Johnson: Shore processes and shore line development (1919) p. 76-83. New York. 
2R. S. Bassler, in W. H. Twenhofel et al.: Treatise on sedimentation, 1st ed. (1926) p. 135. 
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glacial debris from the area to the north and east was evidently con- 
tributed to make up the other type of sediment. 


Currents on the shelf—There is little direct evidence of the effect of 
currents on the open continental shelves, but much indirect evidence 
indicates their importance.** Where large rivers carry quantities of mud 
out to sea, but where the shelf off these rivers is found to be sandy even 
to the shelf margin, currents of some sort have evidently kept the muddy 
material in transit, at least as far as the continental slope. Along the 
coast of California, currents evidently clean the rocky bottom. The 
shelf may be covered by mud after a storm, but the mud is gradually 
removed during the ensuing calm weather. 

Very little work has been done on the actual measurement of currents, 
and practically nothing in regard to bottom currents. One measurement, 
made by H. B. Bigelow,?* off the New Jersey coast, showed a greater 
velocity at depth than at the surface. Alexander”® refers to this record 
and discusses both an off-shore-moving current and a southward-moving 
non-tidal stream. There appears to be some evidence for a southwest- 
ward movement. The silt in the silt-sand zone of the shelf in the eastern 
part of the area decreases in quantity southwestward and is not found 
beyond the Hudson submarine valley, which suggests a southwesterly 
migration. However, there is no reason to believe that a current of this 
sort has carried much sediment, because the silt forms only a fraction 
of the total sediment, and, when the silt is removed in analysis, the 
coarser material is found to be very similar to that in the southern part 
of the area. Therefore, it appears that only a film of silt has been spread 
over the area, and this has mingled with the other sediment. It is, of 
course, impossible to be sure that this introduction of silt has been going 
on in recent times. 


Other factors—There are other processes which may be playing a 
small part in present sedimentation. The wind is, no doubt, of some 
importance along the sandy parts of the coast, but it seems unlikely 
that, under present conditions, eolian sands could be spread widely over 
the shelf. Raymond and Stetson described jelly-like masses of material 
which carry sand in sea water,” and this material may have contributed 
some of the sand to the shelf, but has probably not been quantitatively 


21F. P. Shepard: Sediments of the continental shelves, Geol. Soc. Am., Bull., vol. 43 (1932) 


p. 1036-1039. 
22. M. Zeskind and E. A. LaLacheur: Tides and currents in Delaware Bay and River, U. 8S. Coast 
and Geodetic Surv., Spec. Pub. no. 123 (1926) p. 67. 
23 A. E. Alexander: A petrographic and petrologic study of some continental sediments, Jour. Sed. 


Petrol., vol. 4 (1934) p. 15-16. 
2% P. E. Raymond and H. C. Stetson: A new factor in transportation and distribution of marine 


sediments, Science, n. s., vol. 73 (1931) p. 105-106. 
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significant. Still less important along this coast are river ice and floating 
vegetation, which may carry small quantities of material into the ocean. 


PAST INFLUENCES 


Lowered sea levels ——The lowering of sea level at least several hun- 
dred feet during the glacial epochs of the Pleistocene, placed most, per- 
haps all, of the shelf in the zone of active wave erosion, both during the 
advance and during the retreat of the seas. In addition, it allowed proc- 
esses of subaerial erosion and deposition to attack the exposed portions. 
This lowering of sea level had a tremendous influence on the development 
of the shelf. Because the glaciers were at their greatest extent when the 
sea was lowest, the streams that emerged from the melting ice must have 
spread out over the shelf and deposited great quantities of sand and 
pebbles. The pebbles of igneous and metamorphic rock, which are so 
common on the eastern part of the shelf, could have been introduced at 
that time. Also, the erosion of the Tertiary formations, both from the 
New Jersey area, and perhaps also from the shelf itself outside the 
present coast, probably provided the rounded quartz pebbles now found 
on the southern part of the shelf. 

Originally, the deposits laid down by the rivers crossing the exposed 
shelf may have had a larger quantity of silt, but as the sea came back 
the waves would have tended to remove this silt as the beach moved 
gradually toward the present land margin. 

The lowered sea level probably also allowed the introduction of the 
wind-borne, frosted and pitted sand grains. The strong winds that are 
thought to have moved out from the ice center that lay to the northwest 
would have carried much sand seaward from the shifting beaches and 
could easily have carried sand out onto the continental slope. 


Georges Bank moraine—The moraine deposited by the greatest 
advance of the glaciers across the Gulf of Maine, which made the 
shallow banks off Cape Cod, known as Georges Bank, has lost its silt 
and clay content near the surface since being submerged.”* It seems 
quite possible that while the sea was lower than at present, bottom 
currents carried much of this fine material southwestward and produced 
the sprinkling of silt which is found in the deposits of the shelf east of 
the Hudson submarine valley. The idea could probably be tested if 
moderately long cores could be obtained, for these cores should show 
whether the sand at depth also contains silt or whether the silt is 
restricted to a relatively thin surface-zone. 


2% F, P. Shepard, J. M. Trefethen, and G. V. Cohee: Origin of Georges Bank, Geol. Soc. Am., 
Bull., vol. 45 (1934) p. 281-302. 
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SUBMARINE VALLEY OF THE HUDSON 


It is difficult to be sure what effect the submarine valley of the Hudson 
has had on shelf deposition. At the present time, this valley is intrenched 
only about 60 feet, where it crosses the shelf, but it may have been much 
deeper in the past. Also, there may have been other submarine valleys 
cut into the shelf, which are filled by deposition. Such depressions would 
have become estuaries during the lowered sea-level stages. The inflowing 
streams would have deposited their fine material at such places. This 
may be the reason for the finer sediment in the submarine valley of the 
Hudson. Possibly, also, there was some settling of silt in the valley, 
from currents which crossed it. There is good reason to believe that the 
submarine canyons along the California coast are natural settling basins, 
in contrast to the shelves adjacent to them. 


MARINE NON-DEPOSITIONAL UNCONFORMITY 


If it is true that the sediments on the shelf in this area are largely the 
product of Pleistocene glacial epochs, the present must be a time of non- 
depositional unconformity. This condition, as has been stated previously 
by the senior author, is evidently very common on continental shelves 
in general. There is little doubt but that it is possible for such condi- 
tions to exist because of the drowning of river valleys by the last rise in 
sea level and because of currents which cause the by-passing of the finer 
sediment carried out from the lands. Sediment traps, planted by 
Stetson,?* have shown that fine sediment, which is not represented in 
the bottom sediments, is being carried along the bottom. 


SIGNIFICANCE OF AUTHIGENIC MINERALS 


The authigenic minerals, already discussed, appear to give testimony 
concerning this phase of non-deposition. Hadding?’ has shown that 
glauconite was formed particularly while no sediment was accumulating, 
and Galliher?* has more recently shown how glauconite can be formed 
by the decomposition of biotite, where no deposition is occurring. Like 
Galliher, the writers found the smallest quantities of biotite in the 
samples with the most abundant glauconite, which suggests that the 
glauconite may have been derived from biotite. It seems likely that the 
limonite, which was found especially near shore, was the product of 
oxidation when the sea level was slightly lower than at present, and that 
the pyrite and such glauconite as is not reworked are the result of 
reducing conditiens, which have followed the deepening of the water. 


26H. C. Stetson: Personal communication. 
27 Assar Hadding: Gl ite and gl itic rocks, Part IV, Pre-Quaternary rocks of Sweden (1932). 


Reviewed by W. H. Twenhofel in the December issue of the Jour. Sed. Petrol., vol. 2 (1932) p. 167. 
8 E. W. Galliher: Geology of glauconite, Am. Assoc. Petr. Geol., Bull., vol. 19 (1935) p. 1569-1601. 
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CONCLUSIONS 


The study of a large number of samples from the shelf off the Mid- 
Atlantic States has shown that there is the same absence of outward 
decreasing gradation of grain-size which had been suggested previously, 
on less substantial evidence, for the shelves of the world in general. The 
sediment is, for the most part, quite out of harmony. with present-day 
conditions and was evidently deposited during the Pleistocene stages 
of lowered sea level. Certain differences in the sediment on the two 
sides of the Hudson submarine valley are explained, partly as the result 
of greater supplies of glacial outwash from the north than from the 
south, and partly as the result of silt derived from the Georges Bank 
submarine moraine, to the northeast, carried southwestward, but not to 
any extent across the submarine valley. 

A condition of contemporaneous unconformity on the shelf is suggested 
by the lack of relation of the sediment to present conditions; by the 
widespread presence of authigenic minerals, particularly glauconite; by 
the fact that shells at depths greater than 8 fathoms are apparently not 
abraded; and by the presence of bryozoan incrustations on pebbles at 
various depths. 


University or ILLinois, Ursana, 
MANUSCRIPT RECEIVED BY THE Secretary OF THE Society, Sepremper 27, 1935. 
Reap Berore THE GeoLoarcaL Society, Decemser 27, 1934. 
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INTRODUCTION 


Since 1923, the writer has been engaged in systematic studies of the 
Paleozoic faunas and sedimentary rocks of Arizona. His papers dealing 
with the Cambrian and the Devonian of that State will be published as 
opportunity permits. He believes, however, that, in view of many im- 
portant geological data and the large amount of paleontological material 
that have accumulated since the publication of Ransome’s “Some Paleo- 
zoic Sections in Arizona and their Correlation” + and Darton’s “Résumé 
of Arizona Geology,”? it is desirable to publish a brief account of the 
present interpretation of the Paleozoic stratigraphy of Arizona. 

In dealing with the paleogeography and lithology of the Paleozoic 
deposits of Arizona, it is well to keep in mind the presence of a land mass 
in the central part of the State, which, possibly with maximal sub- 
mergence during the Mississippian, acted as a marine barrier all through 
the Paleozoic. The presence, in central Arizona, of unaltered sedimen- 
tary beds older than the Apache group, and making up the greater part 
of this ancient land, was first recognized by Ransome, who described, 
from the Sierra Ancha and Mazatzal Mountains, “a thick series of quartz- 
ites, conglomerates, and shales that is unconformably beneath the Apache 
group and its stratigraphic equivalents.” 

Ransome’ also suggested “that in Cambrian time a land barrier existed 
in the region now adjacent to Tonto Basin, between the depositional 
basin of central and southern Arizona and that now corresponding to the 
Arizona Plateau, or at least to that part of the plateau between Payson 
and the Grand Canyon,” and “that the natural barrier supposed to exist 
in Cambrian time may have persisted in some form, possibly as a sub- 
marine ridge, throughout the Paleozoic era.”* A quartzite belonging to 
this series of strata older than the Apache group and yet definitely 
younger than the Archeozoic of central Arizona was described by E. D. 


1F. L. Ransome: Some Paleozoic sections in Arizona and their correlation, U. 8S. Geol. Surv., 
Prof. Pap. 98-K (1916) p. 133-166. 

2N. H. Darton: A résumé of Arizona geology, Univ. Ariz., Bull. 119, Geol. Ser. no. 3 (1925) 
298 pages. 

8F, L. Ransome: Quicksilver deposits of the Mazatzal Range, Arizona, U. 8. Geol. Surv., Bull 620 
(1915) p. 114-117; Some Paleozoic sections in Arizona and their correlation, U. S. Geol. Surv., Prof. 
Pap. 98-K (1916) p. 157-159. 

4F. L. Ransome: Some Paleozoic sections in Arizona and their correlation, U. S. Geol. Surv.. 
Prof. Pap. 98-K (1916) p. 165-166. 
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Wilson from the Natural Bridge area, Arizona, between Payson and 
Pine, and the name “Mazatzal quartzite” proposed for it.’ Later, Darton 
discussed an unconformable contact between the Mazatzal quartzite and 
the Apache group on Haigler Creek near Payson.*® 

Regarding the age of these quartzites, shales, and conglomerates of 
central Arizona, Ransome has pointed out that “if the Grand Canyon 
series (Unkar and Chuar) is represented in the Tonto region of Arizona 
it is without much doubt to be correlated with those older sedimentary 
beds and not, as some writers have suggested, with the unconformably 
overlying Apache group.”* ‘The partial correctness of this statement 
must be unquestionably accepted, since it was actually this barrier, made 
of Archeozoic schist, Mazatzal rocks, and granite, that isolated the Apache 
basin on the north and northwest. 

In an address, entitled “Paleogeography of Arizona,” read before the 
Arizona Chapter of Sigma Xi, on March 12, 1930, the writer reported facts 
derived from the study of the Paleozoic sediments and their faunas which 
corroborate the presence of an ancient land in central Arizona, appar- 
ently an extension of the Ensenada land of Schuchert,® and proposed the 
name of Mazatzal land for it. In southwestern Arizona, and from there 
as far as central Arizona, Paleozoic deposits are absent. 


CAMBRIAN 
NORTH-CENTRAL AREA 


There were two areas of Cambrian deposition in Arizona, one in the 
north-central and the other in the southeastern part of the State (Fig. 1). 
In the north-central area, which is limited on the south by Mazatzal 
land, the Cambrian is known collectively as the Tonto group. Its two 
upper members, the Bright Angel shale and the Muav limestone of 
Noble,’ are restricted to the northern and northwestern parts of the State, 
thinning out between Fort Rock and the Juniper Mountains, whereas the 
lowest formation, the Tapeats sandstone, extends 125 miles farther south- 
eastward, and its actual contact with Mazatzal land is clearly seen near 
Natural Bridge, south of Pine, central Arizona, where well-rounded 
boulders of the Mazatzal quartzite are imbedded in the sandstone. 

As all the fossils found in the Tapeats are invariably collected near the 
top and are practically the same species that occur in the Bright Angel 


5E. D. Wilson: Proterozoic Mazatzal quartzite of central Arizona, Pan-Am. Geol., vol. 38, no. 4 
(1922) p. 229. 

®N. H. Darton: op. cit., p. 234-235. 

7™F. L. Ransome: Some Paleozoic sections in Arizona and their correlation, U. S. Geol. Surv., 
Prof. Pap. 98-K (1916) p. 165. 

8 Charles Schuchert: Paleogeography of North America, Geol. Soc. Am., Bull., vol. 20 (1910) p. 470. 

®L. F. Noble: The Shinumo quadrangle, Grand Canyon district, Arizona, U. 8. Geol. Surv., 
Bull. 549 (1914) p. 61. 
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Ficure 1—Orientation map of the Cambrian of Arizona 


(1) Whetstone Mountains (Cochise formation), (2) Dos Cabezas Mountains, (3) Rincon Moun- 
tains (Rincon limestone), (4) Santa Catalina Mountains (Santa Catalina formation), (5) Picacho 
de Calera Hills, (6) Deer Creek valley, (7) Mescal Mountains (Troy quartzite), (8) Mazatzal 
Mountains, (9) Sierra Ancha Mountains, (10) Juniper Mountains, (11) Music Mountains, (12) Grand 
Wash Cliffs; (LR) Lake Roosevelt, (CR) Colorado River, (GR) Gila River, (TC) Tonto Creek, 
(GH) Gordon and Haigler creeks, (VR) Verde River, (EVR) East Verde River. 
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shale, and as no fossils have been seen in the remainder of the sandstone, 
either in the Grand Canyon district or in central Arizona, the logical con- 
clusion is that all the fossils described from the lower formation of the 
Tonto group are, in reality, from the Bright Angel shale. Fragments of 
trilobites have been found by the writer in the coarse-grained sandstone 
at the base of the Bright Angel in the Music Mountains, but, as the sand- 
stone at that locality begins to alternate with the shale, its place is in 
the Bright Angel. The gradual passage of the Tapeats sandstone into 
the Bright Angel shale has been noted by Noble, and yet the Tapeats is 
an independent formation with a much wider geographical distribution 
than the Bright Angel. Not everywhere is it a sandstone; west of the 
Grand Canyon, in the Grand Wash Cliffs, and especially in the Music 
Mountains near Peach Springs, the cross-bedded sandstone is present only 
at the base of the Tapeats immediately overlapping the granite; the rest 
of the formation is represented by a hard, cross-bedded quartzite that 
again suddenly gives way to a sandstone just at the base of the fossilifer- 
ous Bright Angel shale. 

The Middle Cambrian age of the Bright Angel shale is indicated by the 
presence of Dolichometopus productus (Hall and Whitfield) which is found 
in the Spence shale of the Howell formation of the House Range, Utah; 
in the Spence shale of the Ute formation, Blacksmith Fork, Utah; in the 
Chisholm shale, Nevada;?° and, probably, in the Conasauga shale, Ala- 
bama."2 

Of the other species, Micromitra pealei (Walcott), M. (Iphidella) 
pannula (White), M. (Paterina) crenstria (Walcott), M. (Paterina) 
superba (Walcott), and Anoria tontoensis (Walcott) are probably re- 
stricted to the Middle Cambrian; whereas Lingulella lineolata (Walcott), 
L. (Lingulepsis) spatula (Walcott), Obolus zetus (Walcott), O. (Wes- 
tonia) chuarensis (Walcott), O. (Westonia) euglyphus (Walcott), O. 
(Westonia) themis Walcott, and Alokistocare althea Walcott are autoch- 
tonous forms not yet known beyond the limits of Arizona. Lingulella 
acutangula (Roemer), L. perattenuata (Whitfield), and L. winnona 
convera (Walcott) seem to have a longer geologic range. 

The age of the Muav limestone is not so clear. Schuchert cites pygidia 
of Saukia and Neolenus from these beds and places the Muav in the Upper 
Cambrian.”* Walcott also seems to have been inclined to include the 


10 C. D. Walcott: Cambrian geology and paleontology; Cambrian sections of the Cordilleran area, 
Smithson. Misc. Coll., vol. 43, no. 5 (1908) p. 183, 197; Cambrian geology and paleontology; 
Cambrian trilobites, vol. 64, no. 5 (1916) p. 371. 

11 Charles Butts: Geology of Alabama: The Paleozoic rocks, Ala. Geol. Surv., Spec. Rept. no. 14 
(1926) p. 73. ; 

12Charles Schuchert: The Cambrian of the Grand Canyon of Arizona, Am. Jour. Sci., 4th ser., 
vol. 45 (1918) p. 369. 
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Muay, at least provisionally, in the Upper Cambrian.’* The occurrence 
of Saukia and Neolenus in the same formation is, however, hardly prob- 
able. In 1930, Resser found a pygidium of Dorypyge in the top beds of 
the Muav limestone in Nankoweap Valley. Later, E. D. McKee found 
another pygidium of the same genus in the Muav on the Kaibab trail of 
the Grand Canyon. On the other hand, no depositional break between the 
Bright Angel shale and the Muav limestone has been recorded. In fact, 
both in the Grand Canyon and in the Grand Wash Cliffs there is a 
gradual transition between the two formations through a zone of alter- 
nating shales, sandstones, and limestones. The stratigraphic position 
of the Muav is, most likely, homotaxial with the Swasey of the House 
Range section, which likewise contains Dorypyge. It is true that Saukia 
is probably present in association with fragments resembling Dzkelo- 
cephalus above the Chisholm shales (Dolichometopus productus zone) 
in the Highland Range of Nevada, but in that area there are about 
3000 feet of limestone between these two groups of strata.’® 


SOUTHEASTERN AREA IN GENERAL 


In the southeastern area, between the Mexican border and a short 
distance north of a line drawn approximately from the southeastern cor- 
ner of the State to Tucson, the Cambrian rests on the Archeozoic Pinal 
schist and, barring the basal quartzites, sandstones, and shales, consists 
predominantly of limestone. North of that line, the Cambrian strata are 
composed almost entirely of clastic rocks and overlie the beds of the 
Apache group. It is important to note that the original Cambrian lime- 
stone of Ransome, the Abrigo, present in a long series of outcrops from 
Bisbee to some distance west of Tucson, is replaced north, in the Santa 
Catalina Mountains, by sandstone, quartzite, and some siliceous lime- 
stone containing practically the same assemblage of trilobites. It is there- 
fore necessary to change the old term, “Abrigo limestone,” to “Abrigo 
formation,” the stratigraphic unit being characterized by certain index 
fossils independently of its lithologic composition. 

Consequently, although the Cambrian stratigraphic units in the Bisbee- 
Tucson limestone belt and some distance south differ from those de- 
veloped between Tucson and Mazatzal land, the correlation is not difficult, 
because of the presence of the Abrigo formation in both sub-areas. 


1%. F. Noble: A section of the Pal ic formati of the Grand Canyon at the Bass trail, 


U. S. Geol. Surv., Prof. Pap. 131-B (1922) p. 49. 

14 Op. cit., p. 36-37. 

145C. D. Walcott: Cambrian geology and paleontology: Cambrian trilobites, Smithson. Misc. Coll., 
vol. 64, no. 5 (1916) p. 409; Cambrian geology and paleontology: Dikelocephalus and other genera 
of the Dikelocephalinae, vol. 57, no. 13 (1914) p. 381. 
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BISBEE-TUCSON SUB-AREA 


Bolsa quartzite, Pima sandstone, and Cochise formation.—At the base 
of the Cambrian in the Bisbee-Tucson sub-area, is the Bolsa quartzite,’* 
made of basal conglomerates, pebbly grits, and cross-bedded, vitreous 
quartzites in the upper part, with a total thickness varying from 430 feet 
at Bisbee to 720 feet in the Picacho de Calera Hills, 25 miles west of 
Tucson. Immediately above is the Pima sandstone, a buff, hard sandstone 
with inclusions of the Bolsa quartzite in places. This sandstone, only 
4 feet thick, has been traced more than 60 miles, from the Whetstone 
Mountains in Cochise County to the Picacho de Calera Hills, Pima 
County. It contains Micromitra (Iphidella) pannula (White). 

Between the Pima sandstone and the Abrigo is the Cochise formation. 
In the type locality, the Whetstone Mountains, it consists of three dis- 
tinct members: (1) At the base are pink and reddish, thin-bedded sand- 
stones, 30 feet thick. (2) Then follow 116 feet of yellow, pink, gray, 
white, purple, buff, and red shales, which in the upper horizons alternate 
with calcareous shale and thin, rubbly limestone. Brachiopods, includ- 
ing Obolus (Westonia) chuarensis (Walcott) in some abundance, and 
small specimens of trilobites (Agraulos n. sp.) have been found in the 
pink and gray shale. (3) The upper division is characterized by blue 
limestone. At the base, the limestone, rather grayish, brownish, and 
mottled, alternates with shale. Higher in the section, the blue limestone 
predominates and is quite conspicuous. Within the lower part of the blue 
limestone beds, and alternating with them, are thin-bedded, calcareous, 
micaceous sandstone layers with Neolenus intermedius pugio Walcott. 
The limestone beds are often fragmental. Layers with edgewise con- 
glomerate are frequent. This division is easily recognizable, since the 
blue limestone is more resistant to weathering than the beds of the other 
divisions. “In the upper part of the formation are beds of oolitic and 
pisolitic blue limestone, a few feet thick, replete with small spherical 
bodies resembling algae but failing to show algal structure under the 
microscope. Above this blue limestone are thin-bedded pink and gray 
limestones alternating with shale and thin-bedded gray arenaceous lime- 
stone. In the latter, numerous specimens of Alokistocare cfr. linnarssoni 
(Walcott) have been collected. These beds are of interest for the out- 
standing wealth of forms of Alokistocare, all undescribed species. 
Brachiopods are represented by well-preserved specimens of a Micromitra 
(Paterina) which differs from M. (P.) superba (Walcott) principally in 
having a much shorter homoeodeltidium. The top of the formation con- 
sists of blue limestone without the algae-like inclusions. This upper 


16 For the original description, see F. L. Ransome: The geology and ore deposits of the Bisbee 
quadrangle, Arizona, U. 8. Geol. Surv., Prof. Pap. 21 (1904) p. 28-30. 
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division is 165 feet in thickness, and the thickness of the entire Cochise 
formation in the Whetstone Mountains is 311 feet. 


Abrigo formation.—In the type locality at Bisbee, the Abrigo has been 
characterized by Ransome as “thin-bedded impure, in part shaly, in part 
arenaceous, very cherty dolomitic limestone. Carries Middle Cambrian 
fossils. Bed of white quartzite about 8 feet at top.’2”7 The thickness is 
given as 770 feet. The age was determined by Walcott, on the basis of 
the paleontologic material collected by Ransome. No species names, 
however, were given in any of Ransome’s publications. Later, Walcott 
cited the following brachiopods from the Abrigo: Obolus tetonensis Wal- 
cott and Obolus zetus (Walcott).1* In a still later paper, a cranidium 
and a pygidium of Crepicephalus texranus (Shumard), found in the Moore 
Canyon near Bisbee, are mentioned.® 

Obviously, the part of the Cambrian limestone of Bisbee that contains 
Obolus zetus is older than the beds with Crepicephalus texanus. Although 
no Middle Cambrian trilobites have been found in the Bisbee area thus 
far, the “algal” limestone so characteristic of the Cochise formation is 
present in the Escabrosa Ridge west of Bisbee. 

The base of the Abrigo formation is marked by the sudden appearance 
of Crepicephalus texanus (Shumard) and Hesperaspis butleri n. sp., the 
first-named form persisting throughout the entire formation, the second 
seemingly restricted to its basal layers. So characteristic is the presence 
of Hesperaspis butleri at the base of the Abrigo that in every Cambrian 
outcrop in southeastern Arizona known to the writer this species has 
been collected. It occurs invariably with Crepicephalus teranus. The 
base of the Abrigo has been located in the Escabrosa Ridge at Bisbee; in 
the Whetstone Mountains, Cochise County, between Benson and Tucson; 
in the Picacho de Calera Hills, Pima County, 25 miles west of Tucson; 
and in the Santa Catalina Mountains, Pinal County, 30 miles north of 
Tucson. 

When first found, the specimens of Hesperaspis were supposed to belong 
to a new genus. Realizing that similar material might be present in the 
vast collections of Walcott, or even described in Walcott’s unpublished 
manuscripts, the writer in 1928 sent photographs of the Arizona form 
to David White, and asked him to submit them to Ulrich and Resser, 
who had charge of Walcott’s material. White’s answer contained the 
following statement: 


Doctor Ulrich has examined your photographs of the trilobite found with Crepi- 
cephalus texranus. He says the form you have is allied to Giordanella from Sardinia, 


17F, L. Ransome: Some Paleozoic sections in Arizona and their correlation, U. S. Geol. Surv., 
Prof. Pap. 98-K (1916) pl. 25. 

%C. D. Walcott: Cambrian Brachiopoda, U. 8. Geol. Surv., Mon. 51 (1912) p. 417, 422. 

2#C. D. Walcott: Cambrian geology and paleontology: Cambrian trilobites, Smithson. Misc. Coll.. 


vol. 64, no. 3 (1916) p. 213. 
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but is more strictly congeneric and is probably specifically the same as a form 
described in unpublished manuscripts of Mr. Walcott as Hesperaspis stantonit Wal- 
cott. This species occurs toward the close of the Crepicephalus fauna in the Little 
Rocky Mountains of Montana and in Wyoming. 


Later the writer had an opportunity to examine the material from the 
Little Rocky Mountains, preserved in the Smithsonian Institution. The 
Arizona material is much better preserved, and its stratigraphic position 
is precisely known. At present, two species are distinguished in the 
Upper Cambrian of Arizona at the base of the Crepicephalus texanus 
zone. To avoid nomina nuda, these forms are here provisionally described 
as Hesperaspis ransomei n. sp., and H. butleri n. sp., both being guide 
fossils for the basal Abrigo. 


Hesperaspis ransomei, new species 
(Plate 1, figures 6, 7) 


Cranidium from medium size to large, somewhat flat, with a broad base and 
subrectangular above the postero-lateral limbs, highest above its mid-length in 
the anterior part of the glabella and in front of the eyes, thence it slopes gently 
anteriorly and posteriorly. Glabella very faintly outlined but nearly always visible 
in reflected light or when covered with ammonia powder. The shallow and obscure 
dorsal furrows are strongest in the posterior part of the glabella and almost invisible 
in front; consequently, the glabella is distinctly separated from the fixed cheeks 
in its posterior part only, where it is raised above the postero-lateral limbs and 
elevated along a gentle and obtuse median ridge which disappears anteriorly; 
whereas, anteriorly it merges into the frontal limb. Nevertheless, the conical, 
rounded-in-front outline of the glabella is clearly indicated. There are no glabellar 
furrows. The broad, convex, crescentic, occipital segment, separated from the gla- 
bella by a very shallow, barely perceptible depression representing the occipital 
furrow, bears a strong median elevation, passing posteriorly into a sharp occipital 
spine. 

Postero-lateral limbs large, wide, semicrescentic in outline, sloping outward and 
posteriorly, abutting against the posterior part of the glabella, with deeply impressed 
posterior furrows not connected with the occipital furrow. Fixed cheeks, less than 
half as wide as the glabella, merge into a broad frontal limb which is separated 
by an almost imperceptible depression from the narrow frontal border. Palpebral 
lobes of medium size, not elevated above the fixed cheeks, contained about two 
times in the length of the glabella, are placed about the mid-length of the cranidium. 
Palpebral ridges absent. 

Facial sutures, cutting the posterior border within the genal angles, ascend gently 
around the postero-lateral limbs to the base of the palpebral lobes, outline the 
latter, cutting a little inward above, and thence extend anteriorly and outward, thus 
giving an expanding aspect to the frontal limb. They curve rather abruptly inward 
at the frontal border and are intramarginal for a short distance. 

Free cheeks rather wide, slightly convex, with genal angles extended backward 
in strong short spines. 

Thorax unknown. 

Pygidium from semi-elliptical to subtrigonal in outline, short and broad. The 
convex subcylindrical axial lobe is elevated, especially so in its posterior part, and 
does not reach the posterior extremity. On the axial lobe, the three anterior axial 
annulations are very distinct, the first one more raised than the rest. The fourth 
annulation is distinct. On some specimens, a faint fifth annulation may be dis- 
tinguished between the fourth annulation and the elevated terminal section. The 
axial furrows are well developed on the sides of the axial lobe, whereas posteriorly 
there is a slope inclined about 45 degrees from the top of the terminal section to 
the end of the posterior extremity, with the base of the terminal section scarcely 
separable from the posterior border. Only the first and the second outward exten- 
sions of the anchylosed segments of the axial lobe are indicated on the pleural 
lobes, by the narrow furrows of which the first is quite well marked. The pleural 
lobes and the posterior border are outlined by a narrow, flattened peripheral rim. 
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Hesperaspis butleri, new species 
(Plate 1, figure 8) 


This species differs from Hesperaspis ransomei in having a much-narrower and 
more-inflated cranidium, highest in the middle, with a much-longer and better- 
outlined glabella always visible in front, a shorter and narrower frontal limb without 
any differentiation of the frontal border, narrow fixed cheeks bringing the palpebral 
lobes closer to the glabella, a stronger-developed occipital furrow, and a wider 
occipital spine. ; 

This is a smaller form and never attains the size of larger specimens of Hesperaspis 
ransomei. 

Hesperaspis butleri is widely distributed in southeastern Arizona. It has been 
found in practically every known outcrop of the Cambrian: at Bisbee, in the 
Tombstone Canyon between Bisbee and Tombstone; in the Whetstone Mountains; 
in the Picacho de Calera Hills; and in the Santa Catalina Mountains. It is found 
at the base of the Abrigo formation with Crepicephalus texranus (Shumard). 

In the Whetstone Mountains, approximately 240 feet above the base of 
the Abrigo with Hesperaspis butler, occurs a gray limestone practically 
made up of trilobite fragments, and containing angular inclusions of red 
sandstone that have casts of large Hyolithes. Crepicephalus texanus is 
found here in association with a number of new species and varieties of 
this genus. Asaphiscus (Blainia) gregarius Walcott and a large variety 
of forms related to Asaphiscus, belonging mostly to Blountia Walcott, 


characterize this horizon. 


Copper Queen limestone—The youngest part of the Cambrian in south- 
eastern Arizona consists of localized facies, each very characteristic. In 
the Bisbee-Tucson sub-area, the Upper Cambrian younger than the 
Abrigo formation is represented by two different facies, the Copper Queen 
limestone and the Rincon limestone. 

Ransome” has described in the Bisbee area “one bed of harder gray 
limestone 6 feet in thickness about 40 feet from the top” of his Abrigo. 
This limestone withstands weathering much better than the rest of the 
Abrigo, which is made of “rather soft, sandy, thin-bedded, gray lime- 
stone.” In Ransome’s Figure 4, representing the Mount Martin Paleozoic 
section in the Escabrosa Ridge near Bisbee, this limestone is shown dis- 
tinctly as the upper hill within the Abrigo limestone. A few specimens 
of trilobites collected there by Ransome were referred by Walcott” to 
Maladia Walcott and Irvingella Ulrich and Resser. 

A close examination of this limestone revealed its stratigraphic impor- 
tance. It is here called the Copper Queen limestone, from the Copper 
Queen mining area of Bisbee, where it is a good key horizon. As here 
defined, this formation embraces much more than 6 feet of hard limestone 


2F, L. Ransome: Description of the Bisbee quadrangle, Arizona, U. 8S. Geol. Surv., Geol. Atlas, 
Bisbee Folio no, 112 (1904) p. 3. 
See also N. H. Darton: A résumé of Arizona geology, Univ. Ariz., Bull. 119, Geol. Ser. no. 3 
(1925) p. 47. 
.N. H. Darton: op. cit., p. 50. 
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referred to above, and, in the Mount Martin section, has the following 
composition: 


Feet Inches 
Devonian. Martin limestone. 
Upper CampBrian. Copper Queen limestone: 
3. Gray, rather thick-bedded limestone .....................c0000- 10 
4. Soft, whitish, granular limestone .....................00c0eeeeee 1 
5. Grayish-white limestone made of layers of small rounded algal 
6. Solid, grayish-white limestone ....................0.eceeeeeeeee 2 
7. Thinner-bedded gray limestone with a few bands of chert, each 
9. Thin-bedded gray limestone with cherty partings like those in 


10. Thin-bedded gray limestone replete with specimens of Billingsella 
coloradoensis (Shumard) and containing a distinct faunule of 

Upper Camsrian. Abrigo formation. 


Limestone bed 10 is selected as the base of the Copper Queen limestone 
because Billingsella coloradoensis does not occur in the typical Abrigo 
below. 

In the Mount Martin section, the light-colored limestone beds (3-6) 
stand in almost vertical cliffs; their appearance is quite distinct from that 
of the older Abrigo, which at Bisbee is thin-bedded and has a character- 
istic laminated structure due to the alteration with sheets of chert. A 
detailed study of these light-colored strata shows that the chert beds of 
the Abrigo are here replaced by thin layers composed of small, rounded 
algae which in bed 5 are so abundant as to make up the body of the rock 
itself. If the cherty partings of the Abrigo formation are also of algal 
origin, which seems likely, then the algal layers of the Copper Queen 
limestone have undergone no alteration into chert. 

These cliff-forming beds of the Copper Queen limestone are very 
fossiliferous. Of described trilobite genera, various species of Idahoia, 
Irvingella, and Maladia, and forms congeneric with Eurekia are quite 
abundantly represented; of brachiopods, costellate forms of Huenella 
are noteworthy. 

Idahoia and Maladia from the Upper Cambrian Ovid formation south- 
east of Malad, Oneida County, Idaho, have been described by Walcott.?* 


2C. D. Walcott: Cambrian geology and paleontology: Cambrian and lower Ozarkian trilobites, 
Smithson. Misc. Coll., vol. 75, no. 2 (1924) p. 58-59; Cambrian geology and paleontology: Cambrian 
and Ozarkian trilobites, vol. 75, no. 3 (1925) p. 95-96, 104-105. 
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Walcott’s reference to Maladia as occurring also in the Cambrian of 
the Grand Canyon area is erroneous, since the specimens that he actually 
had from Arizona were those collected by Ransome in the Copper Queen 
limestone, already described. Unfortunately, nothing has yet been pub- 
lished concerning the Ovid formation of Idaho, and it is not mentioned 
by M. Grace Wilmarth in her correlation chart for that State, published 
by the United States Geological Survey, September:i, 1932. Queried by 
the writer, Miss Wilmarth explained the omission as follows: 

This Survey has no record of Ovid formation, which appears never to have been 
defined, and therefore not entitled to a place on the Idaho chart. The bare mention 
of the name by Walcott, under description of fossil species, on the page of the volume 
cited by you, does not ‘entitle it to recognition as a geologic name. It is probable 
that Dr. Walcott intended to define the term, but did not accomplish his purpose. 

Irvingella occurs in the Upper Cambrian and Ozarkian, and the species 
I. major Ulrich and Resser is found in the Franconia formation of Wis- 
consin.”* 

The 40 feet of gray, rather thin-bedded limestone (bed 2 of the section 
already described), between the Idahoia-Maladia beds and the parting 
quartzite of Ransome, are necessarily included in the Copper Queen 
formation, as well as the parting quartzite member itself. This quartzite 
in places grades laterally into a sandstone in which poorly preserved 
brachiopods of Cambrian aspect have been found. 

The Copper Queen limestone is very easily distinguished in the Bisbee 
district because its appearance as a white band in the upper part of the 
Cambrian section is so strikingly distinct from the gray, slope-forming 
Abrigo. It is a peculiar fact that this limestone is practically unknown 
anywhere in Arizona outside Bisbee. In Tombstone Canyon, for instance, 
which is on the other side of the Escabrosa Ridge, separating it from 
Tombstone Gulch, in which the town of Bisbee is situated, this formation 
is not expressed lithologically, and most probably is altogether absent. 


Rincon limestone—The Rincon limestone rests on the top of the Abrigo 
formation in the Whetstone Mountains, about 50 miles northwest of 
Bisbee and 35 miles southeast of Tucson; in the Rincon Mountains (type 
locality), 25 miles southeast of Tucson; and in the Picacho de Calera 
Hills, 25 miles northwest of Tucson. This is a pink, mostly crystalline 
limestone that is in places oolitic and often contains accumulations of 
green matter, glauconite or epidote. In the lower beds, it has a rich 
trilobite faunule that at present can not be definitely connected with any 


%C. D. Walcott: Cambrian geology and paleontology: Cambrian and lower Ozarkian trilobites, 
Smithson. Misc. Coll., vol. 75, no. 2 (1924) p. 58, pl. 10, fig. 3; Cambrian geology and paleontology: 
Cambrian and Ozarkian trilobites, vol. 75, no. 3 (1925) p. 98, pl. 15, figs. 26-29. In the present 
interpretation Irvingella major characterizes a part of the Mazomanie formation. See C. E. Resser: 
Preliminary generalized Cambrian time scale, Geol. Soc. Am., Bull., vol. 44 (1983) p. 738. 
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of the described faunas. In the upper horizons occur, in abundance, 
hyolithoid shells, tiny gastropods, coiled in a plane, and isolated crinoid 
columnals. That the latter are crinoid and not crystoid joints is apparent. 
The Cambrian age of these upper layers of the Rincon limestone is estab- 
lished by the presence of Billingsella coloradoensis (Shumard) and by the 
absence of any depositional interruption that might serve for its separa- 
tion from the underlying Cambrian strata. The thickness of the Rincon 
at the type locality is 42 feet. 


TUCSON-GLOBE SUB-AREA 


Relation of the Apache group to the Cambrian.—Since, in the northern 
part of southeastern Arizona, the Apache group of Ransome underlies 
the fossiliferous Cambrian, and since the Troy quartzite, originally its 
top member, is, as has been proved by recent investigations, of Middle 
Cambrian age, a discussion of the relation of the Apache group to the 
Cambrian is necessary. 

The standard section of the Apache group is in the Mescal Mountains, 


and, according to Ransome,” is as follows: 
Feet 
Devonian. Martin limestone. 
CampBriANn (?). Apache group. 
1. Troy quartzite. Generally pebbly cross-bedded quartzite with lenses 
of conglomerate. Shaly rusty beds with worm casts at top..... fF. 400 


3. Mescal limestone. Thin varicolored, more or less dolomitic beds with 


4. Dripping Spring quartzite. Fine-grained varicolored arkosic quartzite, 
much of it with dark-red and gray banding. Partings between 


beds not distinct. Ripple 450 
6. Pioneer shale. Maroon shale, arkosic and quartzitic near base....... 150 


Ransome tentatively placed the Apache group in the Cambrian, with 
the suggestion that possibly it encompasses also the Ordovician and the 
Silurian.** He was also under the impression that the Troy quartzite, 
the upper member of the Apache group in his interpretation, grades into 
the Martin limestone (Upper Devonian).?® This evidently was due to 
the fact that Ransome, during his work in Arizona, never happened to see 
Cambrian deposits between the Troy quartzite and the Martin limestone, 
the area of his principal research having been centered around mining 


*F. L. Ransome: Some Paleozoic sections in Arizona and their correlation, U. 8. Geol. Surv., 
Prof. Pap. 98-K (1916) pl. 25. 

% F, L. Ransome: Copper deposits near Superior, Arizona, U. 8. Geol. Surv., Bull. 540 (1914) pl. 13. 

%F. L. Ransome: Some Paleozoic sections in Arizona and their correlation, U.'S. Geol. Surv., 
Prof. Pap. 98-K (1916) p. 141; The copper deposits of Ray and Miami, Arizona, U. 8. Geol. Surv., 
Prof. Pap. 115 (1919) p. 44. 
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camps. In the Santa Catalina Mountains, north of Tucson, however, 
there are about 700 feet of fossiliferous Middle and Upper Cambrian 
beds between worm-marked, shaly quartzite, the top of the Troy, and 
the Martin limestone. 

Another argument used by Ransome in favor of the Cambrian age of 
the Apache group is the lithological similarity between the Mescal lime- 
stone of the Apache group and the Abrigo formation with Crepicephalus 
texanus (Shumard) of the Bisbee section.?”7 However, in the Santa Cata- 
lina Mountains the Crepicephalus teranus fauna occurs 400 feet above 
the top of the Troy quartzite, and the Mescal limestone, an older forma- 
tion than the Troy, can not be correlated with the Abrigo. 

Darton is opposed to the Cambrian age of the Apache group in toto, 
holding it to be of the same age as the Grand Canyon series of northern 
Arizona; i.e., of Proterozoic time. He has observed a Cambrian sand- 
stone in the Troy on the Gila River,?® which makes it evident that no 
part of the Apache group can be younger than the Cambrian. He corre- 
lates the Mescal with the Bass limestone (which is unfortunate because 
the Bass limestone is near the base of the Grand Canyon series), the 
Scanlan, Pioneer, and Barnes with the basal shales of the Grand Canyon, 
and the Troy with higher sandstones. He also observed that the Troy 
quartzite overlaps the other members of the Apache group and thins 
out toward central Arizona, and suggested an unconformity between the 
Mescal «ad the Troy. 

Correlation of the Mescal limestone with the Bass limestone would 
make it necessary to account for the deposition of about 9600 feet of 
strata in the Grand Canyon area, plus an unknown amount removed by 
erosion, before the introduction of any Cambrian waters in Arizona, as 
contrasted with 800 feet (Maximum) of Troy quartzite that separates 
the Mescal from the fossiliferous Cambrian known to Darton. Further, 
since in central Arizona the Apache group rests unconformably upon the 
older Mazatzal group, the latter being 2000-3000 feet thick, this correla- 
tion would necessarily postulate the absence of about 3000 feet (the thick- 
ness of the Mazatzal strata together with the Apache members older than 
the Mescal) beneath the base of the Unkar group. 

If a provisional correlation of the Algonkian of northern and southern 
Arizona is desired at this time, the unconformity between the Unkar and 
the Chuar, noted by Walcott, and that existing between the Mazatzal 
and the Apache can be used as a basis. The fact that the so-called algal 
growths occur both in the Bass and in the Mescal limestones does not 


27F, L. Ransome: Some Paleozoic sections in Arizona and their correlation, U. S. Geol. Surv., 


Prof. Pap. 98-K (1916) p. 164. 
%3N. H. Darton: A résumé of Arizona geology, Univ. Ariz., Bull. 119, Geol. Ser. no. 3 (1925) p. 36. 
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invalidate this interpretation; such algal accumulations have been de- 
scribed from the Chuar by Walcott, and Resser®® and the writer, found, 
on a visit to the Nankoweap Valley of the Grand Canyon in 1930, that 
algae are even more profusely developed in the limestones and sand- 
stones of the Chuar than they are in the Mescal. 

As before mentioned, Darton found definite evidence of great overlap 
of the Troy. He says: 

The Troy quartzite was deposited after a long interval in which the Mescal and 
underlying sediments were converted into rock and stripped of overlying forma- 
tions, and also after the intrusion of great diabase sills which are so characteristic 
in the earlier formations.” 

In the present paper the Troy quartzite is differentiated from the 
Apache group, not only because it overlaps the Mescal limestone, but 
because it carries Cambrian fossils and conformably underlies younger 
Middle Cambrian strata. 


Troy quartzite—In the Tucson-Globe sub-area the Cambrian rests 
directly on the Apache group. In some localities the pre-Cambrian chan- 
neling of the Apache group is quite striking. In Canado del Oro, a 
canyon in the Santa Catalina Mountains north of Tucson, the Mescal 
limestone, top member of the Apache group, is present and is from 200 
to 300 feet thick, yet, only 3 miles away in Peppersauce Canyon, the next 
canyon to the north, there is not a trace of this limestone, and the Troy 
quartzite is separated from the underlying Dripping Spring quartzite by 
conglomerates, sandstones, and shaly sandstones. Another good example 
is in the Superior district. At Superior, the Troy directly overlies the 
Dripping Spring quartzite, but, only a mile south of Superior, there are 
about 220 feet of the Mescal limestone.** When the Mescal limestone is 
present, it is often separated from the overlying Troy by flows of vesicular 
basaltic lava, as at Lake Roosevelt, the Mescal Mountains, and south 
of Superior.*? 

The Troy quartzite has been characterized by Ransome as a “generally 
pebbly cross-bedded quartzite with lenses of conglomerate. Slabby 
rusty beds with worm casts at top,”** with an average thickness of about 
440 feet. Ransome has also noticed that the Troy may be entirely com- 
posed of sandstone and not of quartzite, as in the outcrops near Lake 
Roosevelt. 


2 C. E. Resser: The search for ancient life forms in the rocks of the western United States, Smithson. 
Inst. Explorations and Field Work in 1930 (1931) p. 21-32. 

80.N. H. Darton: op. cit., p. 34. 

31 Op. cit., p. 272, fig. 85. 

%2F. L. Ransome: Some Palevzoic sections in Arizona and their correlation, U. S. Geol. Surv., 
Prof. Pap. 98-K (1916) p. 189, 151, and pl. 25. 

See also N. H. Darton: op. cit. 

%3F. L. Ransome: Some Paleozoic sections in Arizona and their correlation, U. S. Geol. Surv., 

Prof. Pap. 98-K (1916) p. 151 and pl. 25. 
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Credit for finding the first fossils in the Troy quartzite is probably due 
to M. R. Campbell, who, as early as 1904, described what appear to be the 
Dripping Spring and Troy quartzites, from Deer Creek Canyon, south 
of the Mescal Mountains. He said: 


Underlying the great upper Paleozoic limestone is a series of shale, sandstone, 
and conglomerate from which fossils were found in the Ash Creek Canyon that 
Walcott pronounced to be of middle Cambrian age. The sandstone and conglom- 
erate are known locally as “the quartzite,” and they have a total thickness of 


about 850 feet. 

These fossils were determined by Walcott as Lingulella pogonipensis 
(Walcott) and Dicellomus politus (Hall), with the following comments: 

Shells agreeing with D. politus and in all points available for comparison occur 
in the basal, probably Middle Cambrian sandstone beneath the great limestone 
series of Arizona.® 

In the Christmas area of the Gila Basin, C. P. ies found a few speci- 
mens of Obolus and Lingulella in the upper beds of a quartzite formation 
which, he says, is supposed to represent the Troy quartzite. Submitted 
to Edwin Kirk, these fossils were determined as “almost certainly of 
Upper Cambrian age.” *° 

Darton states that the Troy “in most places includes in its upper part 
or is overlain by a much younger sandstone, doubtless equivalent to 
the Tapeats and the Bolsa-Abrigo beds.” According to his observations, 
25 miles southeast of Globe, the Troy “is overlain by a slabby, irony 
sandstone containing Upper Cambrian Lingulae, etc., doubtless repre- 
senting the Abrigo limestone.”*’ In a collection made by Darton for 
the United States Geological Survey, there is a specimen of the Troy 
quartzite with a poorly preserved brachiopod, tentatively determined 
by Resser as Lingulepsis spatula (Walcott) .** 

A good fossiliferous locality in the Troy is in the Mescal Mountains. 
Here, near the top of the quartzite, the brachiopods are extremely abun- 
dant, but, as is usually the case with quartzites, the preservation is not 
very satisfactory, the shells are often exfoliated, and well-preserved 
specimens are rather scarce. That variety of Dicellomus politus (Hall) 
which Walcott described as D. appalachia Walcott and Obolus mccon- 
nelli pelias (Walcott) are common. The stratigraphic position of the 
Troy quartzite is, however, better determined by the overlying forma- 
tional units. 


84M. R. Campbell: The Deer Creek coal field, Arizona, U. S. Geol. Surv., Bull. 225 (1904) p. 243. 

%C. D. Walcott: Cambrian Brachiopoda, U. 8. Geol. Surv., Mon. 51, pt. 1 (1912) p. 274, 577. On 
p. 578 of this work the age is given as “Upper? Cambrian siliceous limestone on Ash Creek, in 
Pinal County, Arizona." 

%C. P. Ross: Ore deposits of the Saddle Mountain and Banner districts, Arizona, U. S. Geol. 
Surv., Bull. 771 (1925) p. 8. 

87N. H. Darton: op. cit., p. 36. 

88N. H. Darton: op. cit., p. 49. 
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Santa Catalina formation.—In the Santa Catalina Mountains, north 
of Tucson, the Troy quartzite is conformably overlain by alternating, 
thin-bedded, red to black and ochreous quartzites, red to yellow sand- 
stones, and light-colored, often pinkish and greenish, micaceous shales, 
which, in the type locality in Peppersauce Canyon on the north side of 
the mountains, have a thickness of 415 feet. 

From the standpoint of paleontological stratigraphy the Santa Catalina 
formation is a unit, for it is characterized by a trilobite that persists 
through the entire thickness of strata, from the base to the top, and that 
does not occur either in the underlying Troy or in the overlying Abrigo. 
This trilobite is one of those forms that are usually placed within or 
near Agraulos Corda, and it belongs to the same undescribed species that 
is also found in abundance in the variegated shales at the base of the 
Cochise formation (p. 466). Within the assemblages of these small trilo- 
bites, there occur specimens which probably are congeneric with Inouyia 
Walcott. Together with these trilobites, have been found shells of 
Stenotheca that belong to a form characterized by a more slender shell 
than S. curvirostra Shaler and Foerste, with a more incurved apex, and 
with from six to seven rapidly broadening obtuse concentric corrugations 
and rather deep interspaces. In the red and yellow sandstones, poorly 
preserved specimens of Agnostidae, together with a few forms suggestive 
of new trilobite genera, have been collected. The Santa Catalina forma- 
tion is overlain by the Southern Bell quartzite, which is a cliff-forming, 
massive, hard, white quartzite, 26 feet in thickness. 


Abrigo formation.—In the Santa Catalina Mountains, the first 166 feet 
of the Abrigo formation are made up of thin-bedded, often friable, red 
and yellow sandstone interbedded with hard, red, siliceous limestone beds. 
In the friable yellow sandstone near the base of the formation, fine speci- 
mens of Crepicephalus teranus (Shumard), Hesperaspis ransomei Stoya- 
now and H. butleri Stoyanow are found in abundance. Immediately 
above are 122 feet of thin- to thick-bedded, iron-stained, hard, oxidized 
sandstones with badly preserved and unidentifiable trilobite remains. 
The total thickness of strata included in the Abrigo formation of the 
Santa Catalina Mountains is 288 feet. 


Peppersauce Canyon sandstone.—Overlying the Abrigo, there are about 
21 feet of alternating hard pinkish quartzites and brown, often porous 
and saccharoidal, calcareous sandstone beds with a faunule of trilobites 
among which forms congeneric with Iddingsia Walcott and Elvinia Wal- 
cott are predominant. This formational unit is given the name of Pepper- 
sauce Canyon sandstone. 
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TaBLe 1.—Section of the Apache group and the Cambrian in the Sania Catalina 


Mountains as exposed in Peppersauce Canyon 


Thick- 


Age Formation ne Lithology and Fossils 
Upper Peppersauce 21 Thin-bedded, alternating, brown, porous, siliceous sand- 
Cambrian | sandstone stone and hard, pinkish quartzite. Fossils (near top): 
Iddingsia and Elvinia. 
Abrigo 288 More or less thin-bedded, yellow, friable sandstone with 
formation layers of fragmental arenaceous limestone; hard, black- 
ish oxidized sandstone near top. Fauna (lower portion): 
Crepicephalus texanus, Hesperaspis butleri, H. ransomei. 
Middle Southern Belle 26 | Cliff-forming, massive, white quartzite. 
Cambrian | quartzite 
Santa 415 | Alternating, thin-bedded, rusty quartzite, yellow and 
Catalina red sandstone, and brown and green micaceous shale. 
formation Fauna throughout the entire formation: Agraulos, 
Inouyia, Agnostidae, Stenotheca. 
Troy 350 | Rusty brown and yellow to pink quartzite, in places 
quartzite pebbly and cross-bedded. Rusty slabs with worm 
casts. As in the type section. 
Disconformity 
Pre- Unnamed 325 Purple sandstone made of extremely angular quartz 
Cambrian | sandstone grains in a sericitic matrix, joints at 45° to 50° with the 
(Apache bedding plane. Intraformational conglomerate, 30 feet 
group) thick, at the base, overlain by the above sandstone, 
which is interrupted at 145 feet above its base by a diae 
base sill, 85 feet thick. The upper 150 feet of the sand- 
stone (above the sill) are slabby and show mud cracks 
near the top. 
Dripping 300 Fine-grained arkosic yellow to brown quartzite as in 
Spring the type section. 
quartzite 
Barnes 37 | Asin the type section. 
conglomerate 
Equivalent 385 | At the base, light-gray, coarse-grained sandstone with 
of the conspicuous, well-rounded, pinkish pebbles in sericitic 
Pioneer matrix, 120 feet thick. A white, quartzitic pegmatitic 
shale sill cuts it in the upper portion, causing alteration of the 
sandstone about 30 feet below and above the sill. A 
diabase sill, 80 feet in thickness, separates this sand- 
stone from the higher, mottled, banded, fine-grained, 
red to gray quartzite, which is slaty and schistose at 
the contact with the diabase. Above the quartzite, 
there is another diabase sill, 450 feet thick, which under- 
lies hard, slaty, light-gray shale, arenaceous and mica- 
ceous near the top. The latter member is 100 feet in 
thickness. 
Scanlan 3+) As in the type section. 
conglomerate 
Archeozoic] Granite 
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North of the Santa Catalina Mountains, all these Cambrian strata thin 
out very rapidly. Near Winkelman, in Ash Creek Canyon of the Gila 
River, which is a little over 30 miles north of the mountains mentioned, 
the Abrigo and the Peppersauce Canyon formations are not represented 
at all, and not over 80 feet of the Santa Catalina formation are present 
between the Troy and the overlying Devonian limestone.*® Farther 
north, in the Mescal Mountains, in the Globe-Ray district, near Lake 
Roosevelt, and in the Tonto Creek basin, the sedimentary beds of Devo- 
nian age rest directly on the Troy quartzite, as mentioned by Ransome in 
several publications. 

CLIFTON-MORENCI DISTRICT 

The Clifton-Morenci district is an outlier of Pre-Cambrian and Paleo- 
zoic strata in a vast area of thick Late Cenozoic and sub-Recent vol- 
canics, the nearest outcrops of the Early Paleozoic being in the Mescal 
Mountains, about 80 miles to the west, and in the Dos Cabezas and the 
Chiricahua mountains, about the same distance southward. In the last- 
named mountains, the writer has collected poorly preserved Cambrian 
brachiopods in shales, sandstones, and thin-bedded oolitic limestones of 
variable thickness. 

The Coronado quartzite of the Clifton-Morenci district, originally 
described by Lindgren,*° and tentatively correlated by Darton with the 
Bolso quartzite and with other sandstones at the base of the Arizona 
Paleozoic sections,** has not been examined by the writer. Noteworthy 
is the presence of Lingulella lineolata (Walcott), ‘»4nd by Lindgren in 
the siliceous limestone about 15 feet above the Coronado quartzite and in 
the argillaceous shale 50 feet above the same formation.*? 

The presence of Lingulella lineolata, as identified by Walcott, above 
the Coronado quartzite is of interest because the only other locality where 
this fossil has been collected is the Grand Canyon area, where it occurs at 
the top of the Tapeats or at the base of the Bright Angel. If Walcott’s 
identification is correct, the presence of this fossil may suggest a Middle 
Cambrian age for the Coronado quartzite, and a correlation with the 
Troy and the Bolsa quartzites is not unlikely. The other brachiopod 
found in the same two localities, Lingulella perattenuata (Whitfield), has 
apparently a longer geologic range.** On the other hand, the crinoidal 
remains found by Lindgren, together with the mentioned brachiopods, 


3° Compare M. R. Campbell: op. cit., p. 243. 

“©W. Lindgren: The copper deposits of the Clifton-Morenci district, Arizona, U. 8. Geol. Surv., 
Prof. Pap. 43 (1905) p. 65. 
“1N. H. Darton: A résumé of Arizona geology, Univ. Ariz., Bull. 119, Geol. Ser. no. 3 (1925) p. 45. 
“C. D. Walcott: Cambrian Brachiopoda, U. S. Geol. Surv., Mon. 51 (1912) p. 516. 
* Op. cit., p. 524. 
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suggest an age younger than Middle Cambrian** (compare with the 
Rincon limestone, p. 471). 
CORRELATION 


Dolichometopus productus (Hall and Whitfield) being the guide fossil 
of the Bright Angel shale of the Grand Canyon, this formation is corre- 
lated with the Spence shale of the Howell formation of the House Range 
section, Utah;** with the Spence shale, Blacksmith Fork section, Utah ;** 
and probably, with the beds that contain Dolichometopus productus in 
the Conasauga formation, Tennessee and Alabama.*? Correlation with 
the Spence shale indicates a low stratigraphic position for the Tonto 
group in the Middle Cambrian. 

The Cochise formation is here correlated with the Marjum formation 
of the House Range section, Utah,** on the basis of the presence of Neo- 
lenus intermedius pugio Walcott approximately at the middle of the 
Marjum and in the upper half of the Cochise formation. Although of 
Middle Cambrian age, the Neolenus intermedius beds are much younger 
than the Spence shale; both in the House Range and in southeastern 
Arizona, they are succeeded immediately by the basal Upper Cambrian 
with Crepicephalus texanus (Shumard). 

The Upper Cambrian apparently is not represented in the Grand 
Canyon area. The Abrigo formation of southeastern Arizona is to be 
correlated with the Weeks formation of the House Range section,*® both 
formations overlying the Middle Cambrian strata and containing Crepi- 
cephalus texanus in their lower portion. The Abrigo may also be corre- 
lated with the Eau Claire formation of Wisconsin. 

It is noteworthy that, as compared with 3000 feet of middle Cambrian 
and 4700 feet of Upper Cambrian deposits in the House Range, the thick- 
ness of the Cambrian in Arizona seems to be quite insignificant. The 
thickness of the Tonto group—1192 feet, as measured by Noble at Bass 
trail®°°—added to 900 feet of the younger Middle Cambrian and 500 feet 
of the Upper Cambrian (both averages) of southeastern Arizona, barely 
equals one-third of the Middle-Upper Cambrian thickness of the House 
Range. 


44 W. Lindgren: op. cit., p. 65. 

#C. D. Walcott: Cambrian geology and paleontology: Cambrian sections of the Cordilleran area, 
Smithson, Misc. Coll., vol. 53, no. 5 (1908) p. 183. 

46 Op. cit., p. 197. 

47 Charles Butts: Geology of Alabama: The Paleozoic rocks, Ala. Geol. Surv., Spec. Rept. no. 14 
(1926) p. 73. 

48C. D. Walcott: Cambrian geology and paleontology: Cambrian sections of the Cordilleran area, 
Smithson. Misc, Coll., vol. 53, no. 5 (1908) p. 179-181. 

Op. cit., p. 177-178; see also C. D. Walcott: Cambrian geology and paleontology: Cambrian 
trilobites, Smithson. Misc. Coll., vol. 64, no. 3 (1916) p. 161. 

80. F. Noble: A section of the Paleozoic formations of the Grand Canyon at the Bass trail, 
U. S. Geol. Surv., Prof. Pap. 131-B (1922) p. 26. 
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The absence of the Marjum equivalent in northern Arizona and of the 
Spence shale equivalent in southeastern Arizona suggests oscillating water 


Taste 2—Correlation of the Cambrian of Arizona with the House Range 


section, Utah * 
House Range Grand Santa Whetstone : 
Age Utah Canyon (|CatalinaMts.| Mts. Bisbee 
Notch Peak 
a 
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FE: formation quartzite quartzite quartzite 
570 350 400 430 
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Dome 
2 H ar Bright Missi Missi Missi 
ow issing issing issing 
formation Angel shale ; 
Langston?) 
n ‘apea' 
formation sandstone 
205 328 
Pioche shale 
125 
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Bs Mountain 
formation 
1,375 
* Thicknesses in feet. Spence shale is included in Howell formation, Southern Belle quartzite 


in Santa Catalina formation, Pima sandstone in Cochise formation, and Parting quartzite in Copper 
Queen limestone. 


bodies of comparatively short duration and dependent on the larger basins 
farther northwest. 

Within the State of Arizona, the correlation of the members of the 
Tonto group at various points of the north-central area does not present 
any difficulties, because of their distinctive lithological characteristics and 
definite physiographic expressions. In southeastern Arizona, the base of 
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the Abrigo formation with Hesperaspis butleri serves as an excellent 
datum plane. It is on this basis that the Cochise formation of the 
Whetstone Mountains and Picacho de Calera Hills is correlated with the 
Santa Catalina formation of the Santa Catalina Mountains, and the basal 
290 to 300 feet of the Cambrian limestone at Bisbee are placed in the 
Middle Cambrian. 

The higher strata of the Upper Cambrian are. separated from the 
Abrigo because they contain nothing of the Crepicephalus texanus and 
Hesperaspis fauna. The three formations described—Copper Queen lime- 
stone, Rincon limestone,®* and Peppersauce Canyon sandstone—are of 
very limited depositional areas, each with its own faunal and lithological 
aspect, which are altogether different from anything observed within the 
Abrigo formation. 

ORDOVICIAN 


DOS CABEZAS MOUNTAINS 


In the Dos Cabezas Mountains, the Wheeler Expedition made the first 
recorded observation of Ordovician strata in Arizona. In 1875, Gilbert 
described two parallel ridges made up of Paleozoic beds and forming the 
foot-hills of the Dos Cabezas Range, west and southwest of the present 
location of the village of Dos Cabezas and the mining camp of Mascot. 
Here, about 575 feet below the top of the Upper Paleozoic, is the fossil- 
iferous “dark, bedded, arenaceous limestone, with much chert” from 
which Gilbert mentioned Ewomphalus (like E. trochiscus) .°? 

The fossil mentioned by Gilbert was described by C. A. White in 1877 
as Rafistoma trochiscus Meek,** on the basis of the diagnosis given by 
Meek to his species Huomphalus (Rafistoma?) trochiscus in the Proceed- 
ings of the Academy of Natural Sciences of Philadelphia in 1870. This 
original description of Meek was not accessible to the writer, but, since 
Rafistoma? trochiscus of Meek described in 1877 from Ute Peak of the 
Bear River Basin, Utah,** was identified by Meek with his original 
Euomphalus (Rafistoma?) trochiscus of the 1870 description, there can 
be no doubt about the identity of these two forms. Accordingly, White’s 


51In connection with the presence of crinoid columnals in the Rincon limestone, it is noteworthy 
that Walcott mentions a section of crinoid column found within 375 feet of the top of the Orr 
formation of the House Range section [C. D. Walcott: Cambrian geology and paleontology: 
Cambrian sections of the Cordilleran area, Smithson. Misc. Coll., vol. 538, no. 5 (1908) p. 176). 
The Orr formation contains Crepicephalus t (Shumard) at 235 feet above the base and again 
at 275 feet above the last datum. 

53C. G. Gilbert: Report on the geology of portions of New Mezico and Arizona, U. 8. Geog. 
Surv. W. 100th Meridian (Wheeler), vol. 3 (1875) p. 511-513. 

SC. A. White: Report upon the invertebrate fossils collected in portions of Nevada, Utah, 
Colorado, New Mexico, and Arizona, U. 8. Geog. Surv. W. 100th Meridian (Wheeler), vol. 4, pt. 1 
(1877) p. 77-78, pl. 4, figs. 13, a, b, and c. 

%F, B. Meek: Paleontology, U. S. Geol. Expl. 40th Par. (King), vol. 4 (1877) p. 19, pl. 1, 
figs. 3, 8a, and 3b. 
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species from the Dos Cabezas has nothing to do with Rafistoma? trochis- 
cus of Meek. In the paper last mentioned, Meek compared Rafistoma? 
rotuliformis Meek, a species closely associated with R.? trochiscus Meek, 
with Euomphalus polygyratus Roemer. In 1903, Weller discussed the 
relation of both R.? trochiscus Meek and R.? rotuliformis Meek to his 
genus Polygyrata, and stated that, although similar, the shells in question 
differ from Polygyrata in being smaller and having dextral spires.** 

In the Longfellow limestone of the Clifton-Morenci district, the 
writer has collected many specimens identical with Rafistoma trochiscus, 
as described by C. A. White, from the Dos Cabezas Mountains. This 
species belongs neither in Polygyrata nor in Ophileta but is a true Rafis- 
toma, showing all the characteristic features of that genus, and should be 
called Rafistoma trochiscus White. 

In 1919-1922, Darton re-discovered Gilbert’s Ordovician locality in 
the Dos Cabezas Mountains, but he was inclined to regard the beds in 
question as an upper member of the Abrigo formation. The fossils col- 
lected by him were identified by Kirk as Polygyrata rotuliformis Meek 
and Endoceras sp.** 

CLIFTON-MORENCI DISTRICT 


The only Arizona area with continuous outcrops of the Ordovician— 
the Clifton-Morenci district—has been described by Waldemar Lindgren 
in his classic work. His Longfellow limestone, 400 feet thick, is rather 
dolomitic and becomes siliceous toward the base. The collected fossils 
found near the top of the limestone were discussed by Ulrich as follows: 


The fossils contained in the lots submitted (lots 7, 8, 9, and 10), collected by 
Mr. J. M. Boutwell, are on the whole so poorly preserved and incomplete that 
I am not willing to make a positive specific identification at the present time. 
Still, the general aspect of the collections and, in particular, the “association” 
¢ aeons types leave no doubt in my mind concerning the age indicated by the 
ossils. 

The four lots all indicate practically the same time interval—it is not unlikely 
that they are all derived from the same bed, which I believe the evidence in 
hand warrants me in placing in the Calciferous age (= early Ordovician). 

All four lots contain a species of Rafistomina or of some related gastropod genus, 
an Ophileta, a Dalmanella similar to D. hamburgensis Walcott, a species of Cama- 
rella or Syntrophia, a new type of Cephalopoda near Endoceras, an early type of 
Asaphus, a small Dikellocephalus (?), and a larger trilobite related to Bolbo- 


cephalus.” 

The writer visited the Clifton-Morenci area and found, southeast of 
Morenci, in a section overlooking Chase Creek and most probably iden- 
tical with the one described by Lindgren as being “134 miles southeast 


55S. Weller: The Paleozoic faunas, N. J. Geol. Surv., Pal., vol. 3 (1903) p. 130-131. 

56N. H. Darton: A résumé of Arizona geology, Univ. Ariz., Bull. 119, Geol. Ser., no. 3 (1925) p. 53. 

57 W. Lindgren: The copper deposits of the Clifton-Morenci district, Arizona, U. S. Geol. Surv., 
Prof. Pap. 43 (1905) p. 65. 
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of Morenci,” a limestone replete with excellently preserved Ordovician 
fossils. The location is northeast of United States Geological Survey 
Bench Mark 4541 and above an elevation of 5000 feet. The fossiliferous 
limestone is only from 2 to 4 feet thick, but any number of good fossils 
can be easily collected from it. The rock shows all the evidences of 
shallow-water deposition. Not only are the fucoidal markings, which are 
so characteristic of the Longfellow limestone, in evidence, but the angular 
pebbles in the limestone are in places quite numerous. 

In this part of the Longfellow limestone, the predominant réle, at 
least as far as the number of specimens is concerned, belongs to gas- 
tropods. Here are found Ophileta complanata Vanuxem, dextral forms 
that on the average attain 24 millimeters, Rafistoma trochiscus White, 
Eccyliomphalus multiseptarius Cleland, and Eccyliopterus sp. Specimens 
of small Ophileta in places are so numerous as to make up the rock itself. 
Nautiloids are often represented only by siphuncles. Of trilobites, both 
Illaenidae and Asaphidae are found sparsely, mostly the pygidia, hypos- 
tomata, and free cheeks, pygidia of Asaphids being almost invariably 
split and broken along the axial lobe. Excellently preserved specimens 
of Syntrophia (s.1.) occur in considerable numbers. They apparently 
belong to a single species and show little variation in the exterior, being 
characterized by a deep sinus in the ventral valve and a prominent fold 
in the dorsal valve. In size, outline, and relation of the valves, this 
species is much closer to the form from China described by Walcott as 
S. orthia than to the American S. primordialis (Whitfield) .** 

Recently, Schuchert and Cooper left only one species, T'riplecia lateralis 
Whitfield, within the genus Syntrophia, with the suggestion that all other 
species formerly referred to the genus should be placed elsewhere.*® 
The systematic position of these Syntrophina-like brachiopods from the 
Longfellow can not be ascertained at present. Of other brachiopods, 
three specimens of Orthis (s.l.) resembling “Dalmanella hamburgensis” 
of Walcott have been collected in the same bed. This species was men- 
tioned in Ulrich’s list, previously cited. 


DEVONIAN 
GENERAL STATEMENT 


In Arizona, the limestone phase of the Devonian is fully developed only 
in the extreme southeastern and northwestern parts. In the direction of 
Mazatzal land, the limestone gives way very rapidly to arenaceous lime- 


588C. D. Walcott: Cambrian Brachiopoda, U. S. Geol. Surv., Mon. 51 (1912) p. 803-804, pl. 102, 
figs. 2, 2a-e; pl. 104, figs. 4, 4a-b. 

5° Charles Schuchert and G. A. Cooper: Brachiopod genera of the suborders Orthoidea and Penta- 
meroidea, Peabody Mus. Nat. Hist., Mem., vol. 4, pt. 1 (1932) p. 159. 
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Fiaure 2.—Orientation map of the Devonian of Arizona 


(1) Whetstone Mountains, (2) Santa Rita Mountains, (3) Rincon Mountains, (4) Santa Catalina 
Mountains, (5) Picacho de Calera Hills (Picacho de Calera formation), (6) Arivaipa Canyon, 
(7) Mazatzal Mountains, (8) Sierra Ancha Mountains, (9) Juniper Mountains, (10) Music Moun- 
tains, (11) Grand Wash Cliffs, (12) Black Mesa, (13) Island Mesa (Island Mesa Beds), (14) Mt. 
Elden, (15) Temple Butte (Temple Butte limestone); (LR) Lake Roosevelt, (CR) Colorado River, 
(GR) Gila River, (TC) Tonto Creek, (GH) Gordon and Haigler creeks, oa Verde River, 
(EVR) East Verde River, (PC) Pinal Creek. 
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stone and sandstone, the latter often cross-bedded and coarse-grained, 
and usually of reddish color. 


SOUTHEASTERN AREA 

General statement——The standard Upper Devonian formation of 
southeastern Arizona, the Martin limestone of Ransome, is both under- 
lain and overlain by other formational units of considerable interest. 

At Bisbee and Tombstone, the Martin limestone is made of dark-gray, 
compact beds with which, here and there, are associated lighter-colored 
layers. In the lower part of the formation, some pinkish calcareous shale 
is present, as observed by Ransome. There is more shale in the Martin 
at Tombstone, but the thickness is about the same in both localities, not 
over 340 feet. 

The fauna of the Martin limestone, collected by Ransome and orig- 
inally discussed by Henry S. Williams,” is well known. Williams was the 
first to point out its close relation to the fauna of the Lime Creek shale 
or the Hackberry shale of Iowa, and also to the Ithaca fauna of New 
York, and his correlations were later corroborated by Kindle® and 
Stauffer. 

The characteristic species in the Martin of Bisbee are: Acervularia 
davidsoni Edwards and Haime, Pachyphyllum woodmani (White), 
Cladopora prolifica (Hall and Whitfield), Schizophoria striatula 
(Schlotheim), Stropheodonta demissa (Conrad), S. perplana (Conrad), 
Cyrtia cyrtiniformis (Hall and Whitfield), Spirifer hungerfordi Hall, 
S. orestes Hall and Whitfield, S. whitneyi Hall, and S. euryteines Owen. 

The attempt of Williams to correlate the Martin limestone also with 
the Mesodevonian of Russia, on the basis of the close resemblance be- 
tween Spirifer hungerfordi Hall and S. anossofi Verneuil has already been 
appraised by Kindle.** Curiously enough, one of the reasons for 
Tschernyschew’s placing the Spirifer anossofi fauna in the Middle De- 


@F. L. Ransome: Geology of the Globe copper district, Arizona, U. 8. Geol. Surv., Prof. Pap. 
12 (1903) p. 39-42; Geology and ore deposits of the Bisbee quadrangle, Arizona, U. S. Geol. Surv., 
Prof. Pap. 21 (1904) p. 32-42; Description of the Globe quadrangle, Arizona, U. S. Geol. Surv., 
Geol. Atlas, Globe folio no. 111 (1904) p. 5; Description of the Bisbee quadrangle, Arizona, U. 8. 
Geol. Surv., Geol. Atlas, Bisbee folio no. 112 (1904) p. 3-4; Some Paleozoic sections in Arizona and 
their correlation, U. 8. Geol. Surv., Prof. Pap. 98-K (1916) pl. 25; The copper deposits of Ray 
and Miami, Arizona, U. 8. Geol. Surv., Prof. Pap. 115 (1919) p. 45-47; Description of the Ray 
quadrangle, Arizona, U. S. Geol. Surv., Geol. Atlas, Ray folio no. 217 (1923) p. 7-8. 

6. F, L. Ransome: Geology and ore deposits of the Bisbee quadrangle, Arizona, U. S. Geol. Surv., 
Prof. Pap. 21 (1904) p. 33-42. 

@F,. L. Ransome: Description of the Ray quadrangle, Arizona, U. S. Geol. Surv., Geol. Atlas, 
Ray folio no. 217 (1923) p. 7-8. 

®C. R. Stauffer: The Devonian section on Pinal Creek, Arizona, Ohio Jour. Sci., vol. 28, no. 5 
(1928) p. 253-260. 

“FF. L. Ransome: Description of the Ray quadrangle, Arizona, U. 8. Geol. Surv., Geol. Atlas, 
Ray folio no. 217 (1923) p. 7-8. 
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vonian was the fact that Spirifer hungerfordi and Productella hallana 
were originally cited by Hall “from the Hamilton of Iowa.” 

Students of the Devonian remember the old controversy between 
Tschernyschew and Wenjukow regarding the relation of the Spirifer 
anossofi beds to the strata with Spirifer verneuili in central Russia. 
Wenjukow insisted that the S. anossofi horizon overlay that with S. dis- 
junctus in the northwestern part of the central Russian Devonian field 
and also that with S. verneuili on the Don River in the south, whereas 
Tschernyschew held that an incorrect interpretation misled Wenjukow 
in the first case and a landslide was responsible in the second instance.® 

A more recent investigation undertaken by S. Obrutschew, however, 
has demonstrated beyond any doubt that Tschernyschew was wrong and 
Wenjukow was correct.®® 

The fundamental statement of Tschernyschew, so carefully discussed 
by Williams in “Geology and Ore Deposits of the Bisbee Quadrangle,” 
that the Spirifer anossofi fauna occurs below the Cuboides zone and is 
an equivalent to the Stringocephalus fauna of eastern Russia, may still 
puzzle readers. The work of Nalivkin, who re-studied Tschernyschew’s 
section on the Minar River in the Urals, clearly showed that near Ilen 
the beds with Spirifer whitneyi and S. archiaci (Famenian) are found 
directly above the Spirifer anossofi horizon, whereas, in the Minar 
section, they overlie the equivalents of the Cuboides fauna (Frasnian). 
As the presence of Spirifer anossofi in the black bituminous limestones 
with Stringocephalus (Givetian) still stands undisputed, Nalivkin cor- 
rectly infers that at least a part of the beds with Spirifer anossofi is of 
Frasnian, or Upper Devonian, age.*’ This disposes of any necessity of 
interpreting the Spirifer hungerfordi, or Hackberry, fauna as directly 
related to the Russian Mesodevonian. 

One of the outstanding features of the Martin limestone in a number 
of outcrops (the Santa Rita Mountains, south of Tucson; the Santa 
Catalina Mountains, north of Tucson), is the presence within it of a 
silicified reef, sometimes up to 10 feet in thickness, made of colonial corals. 

From the Mule Mountains (Bisbee district) and as far northwestward 
as the Santa Rita Mountains, the entire Devonian is represented by the 
Martin limestone only; farther north, however, units older and younger 
than the Martin make their appearance. 


6 Th, Tschernyschew: Die Fauna des mittleren und oberen Devon am West-Abhange des Urals, 
Mém. Com. Géol., vol. 3, no. 3 (1887) p. 200-207. 

8, Obrutschew: Das Devon von Woronesh und die Gruppe Spirifer verneuiii Murch., Sap. d. 
Geol. Abt. d. Ges. d. Fr. d. Nat., Antr. u. Etnogr. (1917) v.s. 21-60, Moscow; see also Geol. Zen- 
tralbl., bd. 28, no. 1716 (1922-1923) p. 532. 

TD. Nalivkin: Matériaux pour l’étude du Paléozoique de l’Oural, Bull. Com. Géol., vol. 44, no. 9 
(1926) p. 845-847. 
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Picacho de Calera formation.—In the Picacho de Calera Hills, 25 miles 
northwest of Tucson, the Devonian section is as follows: 
Escabrosa limestone. 


Devonian. 
A. Martin limestone: 


Feet 

1. Massive, hard, gray limestone; fossils scarce except for Atrypa reticu- 

2. Yellow and brown calcareous sandstone.....................0.00008 25 

3. Gray limestone weathering to dark brown with bands of chert at base 
and containing Spirifer whitneyi Hall, S. orestes Hall and Whitfield, 

S. suborestes Webster, Cyrtia cyrtiniformis (Hall and Whitfield), 
Atrypa reticularis (Linné), Schizophoria striatula (Schlotheim), and 
4. Gray limestone with traces of brachiopods.......................04- 6 
261 
B. Picacho de Calera formation: 

1. Brown calcareous sandstone replete with fish teeth, Ptyctodus aff. cal- 
ceolus (Newberry and Worthen), two species of Cladodus, and one 
species of Lambodus (?) have been identified.................... 3 


3. Yellow crystalline limestone largely made of small calcified algal 
bodies and interbedded with thin, flaggy, blue limestone; small 
goniatites are sporadically found; no closer identification has yet 

4. Blue limestone in beds, 2 to 4 feet thick, composed of large spherical 
stromatoporoids and algae with abundant, but poorly preserved, 


zaphrentoid and favositoid corals 40 
5. Yellow calcareous sandstone with well-rounded sand grains probably 
73 
Disconformity. 


Upper CamMsriAN. Rincon limestone. 


The Picacho de Calera formation has been traced for 75 miles eastward 
into the Rincon and Whetstone Mountains. The goniatites collected in 
the limestone bed 3 are not preserved sufficiently to warrant even an 
approximate determination. The nature of the fish fauna in the cal- 
careous sandstone bed 1, however, precludes the possibility of the forma- 
tion being older than the Upper Devonian. The absence of brachiopods 
(except for some traces in the limestone bed 3) should be noted. The 
Picacho de Calera formation, with its reefs of spherical stromatoporoids 
and abundance of Ptyctodus calceolus, is somewhat suggestive of the 
Ceder Valley limestone of Iowa. 


SS. Calvin: Geology of Cerro Gordo County, Iowa Geol. Surv., Ann. Rept., vol. 7 (1897) 
p. 145-160. 
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The writer desires to mention here that limestone beds with Spirifer 
towensis Owen and thin-bedded layers of light, coarse-grained, quartzitic 
sandstone with fish teeth have been found below the Martin limestone 
in the Devonian section near Superior, Arizona. 


Lower Ouray formation—In the Peppersauce Canyon of the Santa 
Catalina Mountains, 25 miles north of Tucson, the Martin limestone is 
conformably overlain by younger beds, the equivalent of which is known 
in Colorado as the Elbert formation and the Ouray limestone (lower 
part only). The sequence is as follows: 

Feet 

Escabrosa limestone. 

DEvoNIAN. 

A. Lower Ouray formation: 
1. Compact, buff limestone in beds, 1 to 2 feet thick, with sandy lenses 
near base. Camarotoechia endlichi (Meek) near top. Abundant 
fish teeth, predominantly Cladodus sp., throughout this division 
and especially within 6 feet from the base..................0000. 60 
2. Thick-bedded, buff, yellow, and red to brown, fine-grained, compact 


sandstone. Poorly preserved fish teeth throughout the entire unit 90 
150 
B. Martin limestone: 
1. Gray, compact limestone in beds, 1 to 3 feet thick. Within 15 feet 
from the top there is a silicified coral reef, 10 feet thick, composed 
of Acervularia davidsoni Edwards and Haime, A. profunda Hall, 
Pachyphyllum woodmani (White), Cladopora prolifica (Hall and 
Whitfield), and a few new coral species. Typical Martin limestone 
brachiopods are found throughout this division, but, especially in 
the middle, there is an horizon replete with specimens of Atrypa 
reticularis (Linné), and with Spirifer hungerfordi Hall aad S. whit- 
2. Pink sandstone and limestone with Stropheodonta perplana (Conrad) 
and Schuchertella chemungensis (Conrad) ....................0.: 9 
5. Gray, compact limestone in beds, 1 to 1% feet thick, with Atrypa 
reticularis (Linné) and Schizophoria striatula (Schlotheim)....... 6 
145 
Disconformity. 


Upper CamsriaN. Peppersauce Canyon sandstone. 


On Pinal Creek, north of Globe, the Devonian sequence is as below: 
Feet 
Escabrosa limestone. 
Devonian. 
A. Lower Ouray limestone: 
1. Buff argillaceous limestone with Camarotoechia endlichi (Meek) and 
2. Yellow, papery, calcareous shale, breaking up into thin flakes........ 36 
54 
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. Martin limestone: 
1. Yellow, rusty, dense limestone, thin-bedded. A crinoidal layer at 
top. Principal horizon of the fauna cited by Ransome, contains: 
Schuchertella chemungensis (Conrad), S. prava (Hall), Schizophoria 
striatula (Schlotheim), Pugnus pugnus (Martin), Spirifer hunger- 
fordi Hall, and S. whitneyi Hall. 

2. Cross-bedded, fine-grained, yellow sandstone with Acervularia david- 
reticularis (Linné), and with Spirifer hungerfordi Hall and S. whtt- 
underlain by two or three feet of shale. 

3. Gray, cross-bedded, fine to coarse calcareous sandstone. 

4. White to gray massive limestone. 

Thickness of the Martin limestone.......................... 271 


Total thickness of the Devonian............................. 325 
Disconformity. 
Prorerozoic. Apache group. 


As measured by Stauffer®® on the same Pinal Creek: 


Feet Inches 
1. Limestone, shaly and arenaceous at 34 
2. Shale and shaly limestone (principal faunal horizon)................ 18 


The first suggestion of the presence of the Lower Ouray fauna in 
Arizona was made by Kirk,”° who, in Ransome’s collection from the De- 
vonian of Lake Roosevelt area, determined Spirifer whitneyi var. anima- 
sensis (Girty). 

The first Arizona specimen of Camarotoechia endlichi (Meek) was 
found by Darton™ in Arivaipa Canyon, about 40 miles southwest of 
Globe and 40 miles northeast of Peppersauce Canyon, and it was deter- 
mined by Kirk, but no interpretation of this find was made in Darton’s 
paper on the geology of Arizona. 

Specimens of Camarotoechia endlichi were collected on Pinal Creek 
by the writer and in the Santa Catalina Mountains by R. R. Reid. 

As summarized by Kindle,’? the Lower Ouray fauna of Colorado, dis- 
covered by Endlich in 1875, was studied by Meek and placed by him 
in the Upper Devonian, was later assigned to the Carboniferous by 
C. A. White, and was compared with Lower Devonian forms by Schuchert. 
Girty™ has firmly established the Devonian age of part of that fauna, 


©C. R. Stauffer: The Devonian section on Pinal Creek, Arizona, Ohio Jour. Sci., vol. 28, no. 5 
(1928) p. 253-260. 

7¥F., L. Ransome: Some Paleozoic sections in Arizona and their correlation, U. 8. Geol. Surv., 
Prof. Pap. 98-K (1916) p. 151-152. 

TN. H. Darton: A résumé of Arizona geology, Univ. Ariz., Bull. 119, Geol. Ser. no. 3 (1925) p. 62. 

™E. M. Kindle: The Devonian fauna of the Ouray limestone, U. 8. Geol. Surv., Bull. 391 
(1909) p. 5. 

%G. H. Girty: Devonian fossils from southwestern Colorado: the fauna of the Ouray limestone, 
U. S. Geol. Surv., Ann. Rept. 20, pt. 2 (1900) p. 31-81. 
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and Spencer named the corresponding strata the Ouray limestone.” 
Cross discovered another formation, immediately underlying the Ouray 
limestone, a reddish calcareous shale with crumbling flakes and inter- 
bedded greenish-blue limestone with a fish fauna, which he named the 
Elbert formation.” 

The section at Ouray, Colorado, examined by Kindle,” is as follows: 


Feet 
A. Ouray limestone: 
1. Light bluish-gray to nearly white limestone................... 70+ 
2. Dark gray, often nearly black limestone, heavy-bedded and 
somewhat arenaceous and magnesian in lower part; fine- 
grained, of sublithographic texture and lighter shade of gray 
B. Elbert forr: ation: 
3. Redd. sh calcareous shale and interbedded greenish-blue lime- 
Unconformity. 


ALGONKIANS 
Quartzite and black slates dipping 90°. 


As is well known, the Ouray limestone of Colorado, when viewed in 
its entirety, contains both Devonian and Mississippian fossils. Kindle 
states that, whereas in southwestern Colorado the discrimination between 
the Devonian and the Mississippian portions of the Ouray limestone on 
the basis of lithologic differences is not easy, in the Grand River valley, 
in northern Colorado, such differences may warrant the sub-division of 
the Ouray limestone into two formations. 

In southeastern Arizona, the contact between the Lower Ouray forma- 
tion, as described above, and the dark-blue massive Escabrosa limestone 
(Mississippian) is very sharp. As in Colorado, there is no intermingling 
of Devonian and Mississippian invertebrate faunas, and the overlying 
Escabrosa limestone contains the typical Spirifer centronatus fauna 
only; unlike Colorado, however, the lithologic difference between the 
Lower Ouray and the Mississippian is so well marked here that there is 
no possibility of confusing the two formations nor any necessity of con- 
necting them. If, as Kindle maintains, the upper part of the Ouray of 
Colorado is separable, such separation should be made and a different 
formational name introduced. For the needs of Arizona geology, the 
writer proposes the name, Lower Ouray formation, as a working term 
for the stratigraphic unit holding the typical Camarotoechia endlichi 
fauna and confined between the high Devonian (Martin limestone—i.e., 


% A. C. Spencer: Devonian strata in Colorado, Am. Jour. Sci., 4th ser., vol. 9 (1900) p. 125-133. 

7% W. Cross: A new Devonian formation in Colorado, Am. Jour. Sci., 4th ser., vol. 18 (1904) 
p. 245-252. 

7% E. M. Kindle: op. cit., p. 7. 
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Hackberry shale) and the lower Kinderhookian. Recently, Kirk pro- 
posed to restrict the name, Ouray, to the limestones of Upper Devonian 
age, in conformity with Spencer’s original definition, and to restrict the 
use of it, as a formation unit, to southwestern Colorado.” Since in 
southeastern Arizona two other formations are recognized within the 
Upper Devonian, it is felt that the adoption of the term “Ouray” in 
Arizona, at this time and without differentiation, may lead to some 
confusion. 

Although it is recognized here that a time equivalent of the Elbert 
formation of Colorado is undoubtedly represented within the Lower 
Ouray of Arizona—the papery shale of Ransome is very much like the 
calcareous shale division with crumbling flakes of the Elbert formation” 
—its separation on the basis of lithology would be difficult, whereas the 
fact that its fish fauna is almost co-existent with Camarotoechia endlichi, 
both in the Santa Catalina Mountains and on Pinal Creek near Globe, 
would render such separation impracticable from the standpoint of 
paleontological stratigraphy. It is to be noted, also, that the fish remains 
of the Lower Ouray of Arizona have a rather Mississippian aspect, 
whereas those of the Elbert formation are characteristically Upper 
Devonian.” 


Remarks.—The reader will notice that the Devonian strata become 
more and more arenaceous toward Mazatzal land. At Globe, shale and 
sandstone are present within the Martin “limestone” in an amount 
sufficient to make doubtful the applicability of the lithological term, 
limestone, yet farther northwest, the amount of arenaceous material 
within the Devonian increases rapidly. Ransome has pointed out that 
in the Lake Roosevelt area the Troy quartzite (Cambrian) is very sandy 
—indeed, a sandstone rather than a quartzite—and that “overlying the 
Troy with no conspicuous difference in general appearance is a series of 
generally rather thin-bedded limestones and sandstones or quartzites. 
The lower beds are very compact gray limestones, which are succeeded 
by impure sandy limestones interbedded with calcareous sandstones and 
some quartzite. The topmost bed is shale which weathers to thin yellow 
flakes and is considered to be lithologically and stratigraphically iden- 
tical with the yellow shale that is believed to mark the top of the 
Devonian in the Ray-Globe region.”®® Ransome estimated the thick- 
ness of the Devonian at Roosevelt as about 300 feet. Spirifer whitneyi 


7 Edwin Kirk: The Devonian of Colorado, Am. Jour. Sci., 5th ser., vol. 22 (1931) p. 222-240. 

7 W. Cross: op. cit., p. 248-249. 

™C. R. Eastman: On Upper Devonian fish remains from Colorado, Am. Jour. Sci., 4th ser., 
vol. 18 (1904) p. 253-260. 

%F, L. Ransome: Some Paleozoic sections in Arizona and their correlation, U. 8. Geol. Surv., 
Prof. Pap. 98-K (1916) p. 151. 
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var. animasensis (Girty) and Schizophoria striatula var. australis Kindle, 
collected by Ransome* and determined by Kirk, were probably taken 
from the shale weathering to thin yellow flakes, which may belong in 
the Lower Ouray formation. 

The writer has previously described a section of the Devonian at Windy 
Hill on the south side of Lake Roosevelt, 4 miles east of the Roosevelt 
dam, visited by him in 1925 when much of the lower beds made of lime- ee 
stone were above the water level. In 1929, the upper part of the section : 
was measured. The topmost shale is probably concealed there in the 
slope between the overlying, cliff-forming Escabrosa limestone and the 


outcropping older Devonian layers. The exposed part of the section is j 
given below: 
MississirPIAN. Escabrosa limestone. 
Devonian. 
Slope. Feet 
3. Talus with the outcrops of coarse sandstone.....................e0e0e- 30 a 
4. Cliff-forming light-brown and pink-gray, cross-bedded sandstone, reddish q 
5. Alternating arenaceous and argillaceous limestone, shale, and thick- and § 
thin-bedded sandstone with fucoid markings........................ 10 q 
6. Tawny and reddish sandstone with reddish-brown shale 6 feet thick, 
7. Rather thin-bedded yellow arenaceous limestone with Spirifer eury- 
teines Owen and Atrypa reticularis (Linné). Abundant fish teeth..... 141 


Water level. 347 

Fish remains and fucoid-like markings occur at many horizons of the 
arenaceous part of the section. 

The topmost shale—i.e., the shale, noted by Ransome, as weathering : 
to thin yellow flakes—is well exposed west of the described outcrop, imme- 
diately west of the gorge over which the Roosevelt dam is built. It is i 
30 feet in thickness, including 12 feet of cross-bedded sandstones and 
quartzites that separate it from the base of the Escabrosa limestone. 
This condition means that the buff limestones with sandy lenses, of the 
Santa Catalina Mountains, and the buff argillaceous limestone of Globe, 
both with Camarotoechia endlichi (Meek), either are not represented in 
the Lake Roosevelt area, or their place is taken by the sandstones and § 
quartzites previously mentioned. 


81 Ibid. 
See also F. L. Ransome: Description of the Ray quadrangle, Arizona, U. S. Geol. Surv., Geol. i 
Atlas, Ray folio no. 217 (1923) p. 8. 
83 A. A. Stoyanow: Notes on recent stratigraphic work in Arizona, Am. Jour. Sci., vol. 12 
(1926) p. 315. 
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From the Sierra Ancha Mountains, northeast of Lake Roosevelt, Ran- 
some has described arenaceous deposits of considerable thickness; the 
lower 500 feet were placed by him in the Troy sandstone, which is a rather 
liberal allotment, considering the fact that the thickness of the Troy on 
the south side of the lake is only 160 feet, and there still remained about 
550 feet of sandstone and quartzitic sandstone in the upper portion of 
the section, between the assumed top of the Troy and the summit of Aztec 
Peak.** That the upper arenaceous strata are of Devonian age can 
barely be doubted. 

It is believed that the grading of the Upper Devonian from the lime- 
stone facies as represented in extreme southeastern Arizona near Bisbee 
and Tombstone, into a definitely arenaceous facies toward central 
Arizona, has been sufficiently demonstrated by the preceding discussion. 

The Morenci shale, or the Devonian of the Clifton-Morenci district, 
has not been re-examined by the writer. As described by Lindgren,™ 
Devonian fossils are found in the basal, compact and fine-grained argil- 
laceous limestone, 75 feet thick, which is overlain by about 100 feet of 
unfossiliferous clay shale. The only recognizable species that Lindgren 
found within the limestone, Schizophoria striatula (Schlotheim) , suggests 
that the age is that of the Martin limestone, as has been mentioned in 
many publications. 

The account of the Devonian of southeastern Arizona would not be 
complete without a mention of the Santa Rita formation, of Stauffer.** 
He has described about 1500 feet of thick, massive, dark-bluish to black 
limestone and calcareous shale from the Santa Rita Mountains, south of 
Tucson, which, on the basis of fossils determined by him, he placed in 
the Middle Devonian. 

In the list of species are mentioned such forms as Dielasma sacculus 
(Martin), Martinia pentameriformis (Tschernyschew), Merista plebeia 
(Sowerby), and Pentamerella parvulus (Tschernyschew). The forma- 
tion was named “Santa Rita limestone,” and its stratigraphic position 
was given as between the Abrigo limestone of the Cambrian and the 
Martin limestone. 

According to Stauffer, many of the fossils of the Santa Rita limestone 
are too poorly preserved for positive identification, and a general idea of 
the fauna is formed by using the genera and species to which the col- 
lected specimens are compared. It is noteworthy that, immediately south 
of the area described by Stauffer, in the Patagonia district, where the 


8 F. L. Ransome: Some Paleozoic sections in Arizona and their correlation, U. S. Geol. Surv., 


Prof. Pap. 98-K (1916) pl. 25. 
& W. Lindgren: The copper deposits of the Clifton-Morenci district, Arizona, U. 8. Geol. Surv., 


Prof. Pap. 43 (1905) p. 66-69. 
8 C. R. Stauffer: Devonian of the Santa Rita Mountains, Arizona, Geol. Soc. Am., Bull., vol. 39 


(1928) p. 429-434. 
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University of Arizona conducted a geological summer camp for three 
field seasons, under the direction of R. J. Leonard, the Santa Rita lime- 
stone was not found between the Cambrian and the Upper Devonian, 
nor has it been located, thus far, elsewhere between Bisbee and Tucson. 
The writer considers it unwise to include the Santa Rita limestone in 
the Paleozoic stratigraphic column of Arizona until a description of 
the Middle Devonian fossils cited from the Santa Rita Mountains has 
been given by Stauffer. 
NORTH-CENTRAL AREA 


General statement.—The southeastern area of the Arizona Devonian 
is limited on the northwest by the granites, Archeozoic schists, and Algon- 
kian beds of the Mazatzal group, with a wide belt of sedimentary beds 
and diabases of the Apache group, bordered by the Troy quartzite, on the 
east side only. 

There are 45 to 50 miles between the Devonian outcrops of Lake Roose- 
velt and the first Devonian exposures on the northwest side of Mazatzal 
land, near Payson. On the geological map of Arizona published by the 
Arizona Bureau of Mines, a narrow strip of strata is shown extending 
north of the ancient land and thus apparently connecting the two deposi- 
tional areas. The writer’s examination of the sections on Gordon and 
Haigler creeks has proved that, barring the Troy, the oldest Paleozoic 
beds represented in that strip are of Pennsylvanian age, and not Devonian 
as was tentatively surmised by Darton.** 

This part of Mazatzal land formed a barrier separating the Devonian 
seas on its two sides, and, although a younger portion of the Devonian 
strata laid down in the northwestern depositional area is of the same 
age as the Martin limestone, the entire sequence of strata and their 
lithologic nature are altogether different. 


Jerome formation.—The Devonian section at Jerome has been carefully 
studied by the writer. It is as follows: 


Redwall limestone. 
Erosional unconformity. 


Devonian. Jerome formation: 
Feet 


1. Whitish-gray, impure limestone, in the upper part interbedded with 
irregular, crystalline, brecciated pinkish-yellow limestone containing 

2. Very arenaceous, in places compact, gray limestone grading into sand- 
stone which becomes more calcareous toward the top. One bed 
replete with elongated calcite inclusions, apparently replaced branches 
of bryozoa. Two layers of purplish sandstone near top. In both 
this and the overlying member, fish plates and teeth are sporadically 


8 N. H. Darton: A résumé of Arizona geology, Univ. Ariz., Bull. 119, Geol. Ser. no. 3 (1925) p. 235-236. 
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. Very shaly, lavender limestone with yellow spots and nodules, in places 


sandy and filling depressions and pockets in the preceding member, 
harder toward the top. Abundant brachiopods and crinoid stems, 


. Dark-gray, greenish-gray, arenaceous limestone with purplish stains. 


. Purplish limestone with sporadic inclusions of dark-red sandstone. Cri- 


. Lavender-gray, shaly, often arenaceous, limestone with occasional 


. Hard, massive, grayish-yellow, crystalline limestone. Reefs made of 


Syringopora and Aulopora in commensality with Stromatopora. 
Zaphrentoid corals. Fish plates. Brachiopods..................... 


. Mostly argillaceous and shaly, impure limestone, pinkish, lavender, and 


purplish. Purplish shale at top, 4 feet thick........................ 


. Arenaceous limestone, greenish and gray near base and top, pink, 


streaked, and rather shaly in upper part of middle division.......... 
Dense, gray and light-gray 
Rather thin-bedded, light-gray, whitish, and pinkish limestone, in 
places with pinkish, sandy shale in partings, alternating with a few 
beds of gray arenaceous limestone and cherry-red sand which fills up 
the pockets in the eroded surface of limestone beds................. 


. Ledge-forming limestone, arenaceous and weathering white, with streaks 


and inclusions of sandstone for about 4 feet from the base. Cav- 
ernous dolomitic limestone, generally dark, brown, and gray, in places 
White-weathering, thin-bedded limestone, gray, greenish, and pink when 
freshly broken, with numerous inclusions of red sandstone. Inclu- 
An almost continuous series of mottled and gnarled, gray and purplish 
limestone beds in thickness from a few inches to a few feet, charac- 
terized by the presence of fucoids on the bedding planes and by the 
Buff limestone, pinkish when freshly broken, with a layer of very dense 
calcareous sandstone, 4 inches thick, in the middle. Above are light- 
gray, pinkish, pale-yellow, and pinkish-yellow limestone beds with 
inclusions of very dense red sandstone and with fragments of crinoids, 
gastropods, and pelecypods. Thickness of individual beds from 1 to 
Limestone, white, lithographic, and thinner-bedded at base, passing 
through gray limestone with purplish stains into banded, light-pur- 
plish, very arenaceous limestone which, higher up, grades into platy, 
dark-gray calcareous sandstone with inclusions of black chert at base, 
and more calcareous and lighter-colored in the upper part. Lime- 
stone, in moderately massive beds, pinkish-gray when freshly broken, 
with sporadic inclusions of calcite, and overlain by an impure, white, 
thin-bedded, and streaked limestone bed, 1 foot thick, at top........ 
Pinkish sandstone, in places purplish and calcareous, cherty and frag- 
mented, replete with plates of Arthrodiran fishes often forming bone- 
breccias; fills up the pockets in the limestone bed 18 below. The 
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red sandstone within member 18 may also thicken, replace the lime- 
stone, and grade into the Arthrodiran sandstone. Thickness variable, 
observed in this section... .. 0.5. 4 
18. Limestone, generally weathering white, with bands of black chert at 
base, and with streaks of buff sandstone and bands of buff quartzite. 
The basal 114 feet are made of fragmented and brecciated limestone 
containing angular fragments from the underlying limestone bed 19. 
Bands of red sandstone and hard white quartzite in the upper part. . 6 
19. Lithographic limestone, very evenly bedded, dense, weathering white; 
black, or dark-gray on fresh fracture, in layers from one to two inches 
thick. Bands of blackish-yellow chert and lenses of quartzite about 
20 feet above the base. Upward the limestone is lavender when 
freshly broken, in layers from 2% to 3 inches thick, occasionally sep- 
arated by purplish shale, often with elliptical inclusions of chert. A 
few feet of fragmented and gnarled limestone, weathering light- 
yellow, purplish on fresh fracture, at top.................ceeeeeeees 120 
20. Limestone, gray, platy, with abundant and very regular circular inclu- 
sions of secondary calcite, generally ledge-forming. Brown arena- 


CampriaAN. Tapeats sandstone. 


It should be noted that arenaceous rocks make up a considerable part 
of the Devonian of Jerome and that limestone deposition was interrupted 
many times. 

Many of the stratigraphic units of the Jerome formation are excellent 
key horizons, persistent over wide areas. The basal limestone bed 20, 
for instance, has been traced from Jerome into the headwaters of the 
East Verde River. 

Attention is directed to the fact that toward Mazatzal land the entire 
formation becomes, in general, more arenaceous and its sandstones and 
quartzites increase in thickness. 

The basal limestones (members 20 and 19) seem to be unfossiliferous. 
The surface of member 19 was at places exposed to erosion, and the two 
basal members may be considerably older than the rest of the formation. 

The Arthrodiran sandstone (member 17) is one of the outstanding 
and most important units of the formation. As has already been men- 
tioned, even in the Jerome area the sandstone and quartzite of member 
18 may grade upward into the Arthrodiran sandstone, replacing the lime- 
stone laterally. Its thickness increases continually toward Mazatzal 
land. At the East Verde crossing, between Pine and Payson, and about 
55 miles southeast of Jerome, the combined thickness of the Arthrodiran 
sandstone, with intervening quartzites, limestones, and marls, is be- 
tween 50 and 75 feet. There is a basal sandstone below limestone mem- 
ber 20 there, which also has fish plates.*” As this sandstone rests directly 


8 A. A, Stoyanow: op. cit., p. 311-313. 
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on the Tapeats sandstone of the Cambrian, the discrimination between 
the Cambrian and the Devonian on the basis of lithology is rather difficult. 

One might attempt to distinguish the Tapeats sandstone by the pres- 
ence of the yellow or smoke-colored quartz, so characteristic of that 
sandstone in typical sections. Unfortunately, however, quartz of this 
type is often present even in much younger Devonian sandstone beds, 
and, when they are coarse-grained and cross-bedded, as is often the case, 
there is no lithologie difference between the Cambrian and the Devonian 
sandstones. The absence of “Tonto shelves,” the occasional presence of 
calcareous layers, and, above all, the fragments of fish plates which are 
found after patient searching, serve to establish the base of the Devonian 
in the areas where the two sandstones are in contact. 

The Arthrodiran sandstone of the East Verde crossing will be discussed 
later. In the Jerome section, the next fossiliferous horizon is in member 
15. No serviceable fossils have been collected here, and the best-preserved 
ones are internal molds of lamellibranchs (Nuculites). 

Member 14 is easily distinguishable by the great abundance of fucoids 
on bedding planes of the mottled and gnarled limestone. The fish remains 
found here and upward are mostly teeth and small plates, easily distin- 
guished from the large, heavy, and thick plates occurring in the Arthro- 
diran sandstone. Sporadic fish remains of this kind are the only fossils 
found in the overlying beds until the upper part of the formation is 
reached. These upper strata of the Jerome formation are characterized 
by the preponderance of arenaceous and argillaceous material and the 
impurity of the limestone beds, as well as by the abundance of typical 
Upper Devonian brachiopods. The latter begin to appear in the reefs 
of the crystalline limestone, member 7, and attain their maximum in 
member 3, which is often replete with fossils. Below is a list of common 
species: 


Schizophoria striatula (Schlotheim) Bucanopsis maera (Conrad) 
Schuchertella arctostriata (Hall) Ectomaria ecclesiae Prosser and Swartz 
Strophonella reversa Hall Cypricardinia sp. 

Gypidula comis (Owen) Acervularia davidsoni Edwards and 
Camarotoechia eximia Hall Haime 

Camarotoechia sazatilis (Hall) Pachyphyllum woodmani (White) 
Camarotoechia sp. n. Cladopora prolifica (Hall and Whit- 
Centronella navicella Hall and Clarke field) 

Atrypa reticularis (Linné) Aulopora sp. 

Delthyris mesacostalis Hall Syringopora sp. 

Spirifer robustus Webster Zaphrentis sp. 

Spirifer suborestes Webster Stromatopora solidula (Hall and Whit- 
Ambocoelia umbonata (Conrad) field) ? 


Cyrtia cyrtiniformis (Hall and Whit- 
field) 
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A decidedly noticeable feature of the upper part of the formation is 
the Cladopora reef of member 4 and the Stromatopora reef of member 7. 
The latter unit contains an astonishing number of zaphrentoid corals, 
easily obtainable in hundreds of specimens. 

This Upper Devonian fauna is of approximately the same age as the 
Martin limestone, and the latter formation may be tentatively correlated 
with the upper, arenaceous, portion of the Jerome formation. Noteworthy 
is the total absence here of such striking Martin forms as Spirifer hun- 
gerfordi, S. whitneyi, and S. euryteines. On the other hand, Delthyris 
mesacostalis does not occur in the Martin, although it has been found in 
the Devonian of the Vecol Mountains, about 70 miles west of Tucson. 

From perusal of the columnar section of the Jerome formation, the 
reader will infer that there were not less than four (probably more) 
depositional interruptions within the formation and that the age of its 
lower part is determined by the age of the fish remains found in the 
Arthrodiran sandstone. The name, “Sycamore Creek formation,” was 
suggested for this sandstone in 1925.8* As its thickness varies consid- 
erably and it gradually thins out west of Mazatzal land, it may be more 
appropriately termed the Sycamore sandstone member of the Jerome 
formation. 

The best place for collecting the fauna, and making studies, of the 
Arthrodiran sandstone is in the headwaters of the East Verde River. 
There the Arthrodiran sandstone rests on the limestone member 20 of 
the Jerome formation. It is made up of a pink, compact, basal sandstone, 
succeeded upward by white, pink, and mottled arenaceous limestone, 
brick-red sandstone, and pink and red hard quartzites. The sandstone 
beds are often replete with fragments of plates, and form, at certain 
horizons, bone-breccias. It is, however, in the arenaceous, pinkish and 
mottled limestone beds that the preservation is at its best. Plates, half 
an inch to an inch in thickness and 5 to 6 inches wide and long, are not 
rare. The thickness of the Arthrodiran sandstone in this area ranges 
from 50 to 75 feet. 

The first plates collected by the writer in 1925 were referred to Macro- 
petalichthys. It is quite apparent at present that the remains found at 
the East Verde crossing comprise a wider range of forms belonging to 
Arthrodira. Interest in the study of Arthrodira having been stimulated 
recently by the splendid publications of Stensid and Anatol Heintz, it 
is to be hoped that this exceptional locality will attract the attention of 
both students and museum collectors. 


88 Op. cit., p. 315. 
Carl Lausen and E. D. Wilson: Gold and copper deposits near Payson, Arizona, Aris. Bur. 
Mines, Bull. 120 (1925) p. 12-13, 22, and 34. 
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There are about 300 feet of Devonian strata above the Arthrodiran 
sandstone at the East Verde crossing, culminating in fossiliferous beds 
with the same brachiopod and coral fauna as has been found in the Jerome 
formation at Jerome. 


Island Mesa beds.—The Cladopora and Stromatopora reefs of the 
Jerome formation have been traced as far north and northwestward of 
Jerome as Perkins’ ranch and King’s ranch on the Verde River, where 
Devonian and Mississippian strata disappear under younger Paleozoic 
beds of the Colorado Plateau. Again using the Jerome formation as the 
standard for the Devonian of north-central Arizona, and proceeding from 
Jerome northeastward, the observer finds that: (1) the thickness of the 
Devonian decreases toward the San Francisco Mountains and Flagstaff, 
and (2) the limestone beds are persistently impure and arenaceous in 
that direction. Only 12 miles northeast of Jerome, on the Verde River, 
and southwest of Island Mesa, the increase of arenaceous matter in the 
upper part of the Devonian is appreciable. The little shells of Cama- 
rotoechia eximia and C. sazatilis found in limestone at Jerome invariably 
occur in sandstone here. Even more striking is the faunal aspect of the 
uppermost layers. The usual complex of the Upper Devonian fauna of 
the Jerome formation is at hand, but within 125 feet from the base of the 
Mississippian Redwall limestone, there are 40 feet of grayish-lavender, 
thin-bedded, shaly limestone and shale, overlain by 8 feet of massive, 
arenaceous, purplish-gray limestone which contains a rich and exceptional 
fauna of large, heavy-shelled lamellibranchs and excellently preserved 
gastropods, both Pleurotomariidae and Trochidae being represented. 
The description of this new and interesting fauna will be published as 
opportunity permits. That it is still within the Devonian is evidenced 
by the presence of such characteristic forms as Bucanopsis maera (Con- 
rad). Above these beds are purplish arenaceous shale, 11 feet in thick- 
ness, and ledge-forming arenaceous limestone and sandstone of the same 
color, 64 feet thick. 

This terminal part of the Devonian of north-central Arizona, lying 
beneath the base of the Redwall in the abrupt cliff of the Plateau and 
attaining a thickness of 122 feet, is not represented at Jerome. It is 
characterized by a peculiar assemblage of Mollusca and is designated in 
the present paper as the Island Mesa beds. 


Mt. Elden section and Temple Butte Limestone—Near Flagstaff, 
L. F. Brady and W. L. Thomas have found Devonian strata on the slopes 
of Mt. Elden, a laccolith of the San Francisco Mountain group. These 
beds, partly concealed by the detritus of igneous rocks, escaped the atten- 
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tion of earlier geologists working in that area.*® The paleontological 
material collected by Brady and Thomas contained interesting fish re- 
mains, together with rather poorly preserved brachiopods and gastropods. 
Recently the writer was able to examine the Mt. Elden section, which is 
as follows: 


MissIssIPPIAN. Redwall limestone. 


DEVONIAN: 
Feet Inches 


1. Slope-forming, brittle, somewhat arenaceous, shaly limestone, 
whitish at base, with ledges of harder limestone, each a few 
feet thick, all with abundant inclusions of secondary calcite. 
Yellow-pink, coarse-grained sandstone containing teeth and 
fragments of fishes in lenses and pockets, on an average about 
2. Dark-gray, vesicular arenaceous limestone, streaked and with red 
inclusions of sandy material. Molds of brachiopods (Atrypa) 
3. Gray crystalline and gray arenaceous limestone beds. White 
lithographic limestone at base. Thinner-bedded and shaly 
limestone toward top, with impressions of fucoids on the bed- 
ding planes. External molds suggestive of small Cladopora... 16 5 
4, Cliff-forming, gray, compact limestone with pinkish blotches of 
calcareous sandstone and inclusions of calcite, thinner-bedded 
in the middle. Principal horizon of fish remains. Upper part 
more cliffy, with layers replete with molds of brachiopods. .... 19 
5. Ledges of gray, thin-bedded limestone with layers made up of 
molds of brachiopods and lamellibranchs. Toward the top, the 
limestone becomes more brittle and slope-making, and alter- 
nates with thinner-bedded arenaceous and shaly limestone beds 


containing inclusions of red sandstone. Fish remains present.. 37 
6. Compact, gray, much-fractured, limestone. No fossils found. 
Base concealed by the dacite detritus of Mt. Elden.......... 25 


The lithological and facial appearance of the strata exposed in this 
section is not especially suggestive of the upper portion of the Jerome 
formation as represented at Jerome, since the stromatoporoid and coral 
reefs are lacking; yet an Upper Devonian age should be ascribed to the 
Mt. Elden beds, not only because of their stratigraphic position, imme- 
diately below the base of the Redwall, but, also, on paleontological 
grounds. Among the brachiopod remains in the upper part of member 4, 
there are fine molds of Delthyris mesacostalis Hall, showing the presence 
of a median septum in the ventral valve. 

Of greater importance, however, are the fish remains preserved at a 
lower horizon of the same member. In the collections made by Brady 


8 H. H. Robinson: The San Franciscan volcanic field, Arizona, U. S. Geol. Surv., Prof. Pap. 76 
(1913) 213 pages. 


502 A. A. STOYANOW—CORRELATION OF ARIZONA PALEOZOIC 


and Thomas, there are well-preserved teeth of Onychodus and Dipterus. 
Brady also found interesting dorsomedian plates of Arthrodira. Together 
with the additional material collected by the writer, there is at present 
in the Paleontological Museum of the University of Arizona a good set 
of plates of primitive Arthrodira from these beds. 

The dorsomedian plates are convex along the median line, not flattened 
as in Dinichthys. A strong longitudinal inferior keel is present, but it 
does not pass beyond the hind margin of the plate. There is no posterior 
spine. The sensory canal is in the posterior part of the plates and appar- 
ently is continuous. 

The primitive nature of the posterior ventrolateral plates is indicated 
by their sub-elliptical outline. Their ornamentation is not unlike that of 
Coccosteus. The plates provisionally referred to anterior ventrolaterals 
bear distinct lateral lines (PI. 1, figs. 1-5). 

There are many more plates the position of which can not be deter- 
mined at this time. 

The fish remains collected in the coarse-grained quartzitic sandstone 
that fills up pockets and lenses in the upper limestone of member 1 at the 
base of the Redwall are too fragmentary for identification. 

In the Grand Canyon area, the Devonian deposits are of even lesser 
thickness than at Flagstaff. Walcott’s description of the Temple Butte 
limestone is as follows: 

In places the Devonian is entirely absent, either through erosion or non-deposition, 
so that the Redwall limestone rests directly on the massive calciferous strata of 
the Upper Tonto (Muav). It rarely has a thickness of more than 100 feet. When 
present it is unmistakably marked by the thin purplish-colored layers of fine-grained 


sandstone that pass into calciferous sand rock and limestone in which cyathophylloid 
corals, casts of brachiopods and gastropods, and plates of placoganoid fishes usually 


occur. 

This description has been repeated in many papers dealing with the 
geology of the Grand Canyon. 

Unfortunately, the type locality of the Temple Butte limestone, Temple 
Butte in the Grand Canyon, is not very accessible. In 1930, C. E. Resser 
and the writer, after completing their work in Nankoweap Valley,” tried 
to pass into Chuar Creek valley via Kwagunt Canyon, in order to ex- 
amine the Unkar-Chuar contact and also to have a look at the original 
Temple Butte limestone. The attempt was unsuccessful because the 
loose sands from the Chuar, accumulating along the Nankoweap- 
Kwagunt divide, were impassable for the pack-train. . For some time 
the writer has been planning, at first alone and later with E. D. McKee, 


®C. D. Walcott: Pre-Carboniferous strata in the Grand Canyon of the Colorado, Arizona, Am. 


Jour. Sci., 3rd ser., vol. 26 (1883) p. 438. 
C. E. Resser: The search for ancient life forms in the rocks of the western United States, 


Smithson. Inst. Explorations and Field Work in 1930 (1931) p. 21-32. 
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the Grand Canyon Park Naturalist, to cross the Colorado River from the 
end of the Tanner trail, but that trip has not yet materialized. In the 
fall of 1932, McKee crossed the Colorado with a party of Government 
surveyors and spent a few hours at Temple Butte. During this very 
brief visit, he measured the limestone and made observations on the west 
side of Temple Butte. The results of his trip, as far as the Temple Butte 


limestone is concerned,” are as follows: 
Feet 


Mississippian. Redwall limestone: 

Sheer wall of gray limestone, weathering into sharp edges in contrast with 

rounded edges of underlying gray limestone. 

Unconformity, not apparent at Temple Butte. 

Devontan. Temple Butte limestone: 

1. Hard, gray, sandy limestone and crystalline limestone interbedded with 
some crumbly, blue-gray sandstone and some pale-blue sandy shale. 
Indeterminable brachiopod casts and molds found in limestone beds 
at two horizons and in gray sandstone near top..................-..0. 50 

2. Thin-bedded, gray limestone, weathering into a very rough, jagged sur- 
face. Edges straight, not rounded. Full of worm-borings or tubes 
giving a honeycomb effect to some parts.................0...000eeeee 27 


Unconformity, erosion surface. Cae, 
CampriAN. Muav limestone: 

Massive, rounded limestone, stained red on weathered surface, mottled- 
lavender and white on fresh surface. Fragments of trilobites. Lavender, 
fine-grained sandstone at top. 


Noble has described a number of irregular pockets cut in the Muav 
limestone and overlain by the Redwall, that are filled with irregularly 
bedded, calcareous sandrock with some compact crystalline limestone or 
dolomite, coarse conglomerate, and red, fine-grained sandstone. These 
fillings are seldom over 50 feet in thickness. Fish plates found in these 
rocks by Noble were identified by J. W. Gidley as belonging to Bothri- 
olepis and the corresponding rocks were assigned to Walcott’s Temple 
Butte limestone, where they probably belong.** 

A poorly preserved fish plate was found by the writer in the arenaceous 
limestone between the Muav and the Redwall on the Yaki trail of the 
Grand Canyon. The pockets described by Noble tempt one to visualize 
a Devonian river, meandering along the channels cut in the Muav lime- 
stone, the course of which has later been dissected by the formation and 
sculpturing of the Grand Canyon. 

There can hardly be any doubt that the Devonian of Mt. Elden and 
of the Grand Canyon are parts of the Jerome formation, which thins out 


% Personal communication, January 31, 1934. 
*%DL. F. Noble: A section of the Paleozoic formations of the Grand Canyon at the Bass trad, 


U. S. Geol. Surv., Prof. Pap. 131-B (1922) p. 49-53. 
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northward. It is questionable, however, which part of the Jerome forma- 
tion is represented in the Temple Butte limestone. All indications suggest 
that the latter is confined to the middle or upper part of the Jerome forma- 
tion and is not a stratigraphic equivalent of the Arthrodiran sandstone. 
Obviously, Temple Butte, with its 100 feet of strata, can not be used for 
the Jerome formation as pars pro toto, and its exact stratigraphic position 
of origin is a problem for future investigation. 


GRAND WASH CLIFFS AND MUSIC MOUNTAINS 


To complete this outline of the Arizona Devonian, a brief account 
will be given of the deposits in the northwestern part of the State. With 
increase in the distance from Mazatzal land, the arenaceous material 
decreases noticeably, and, between Black Mesa and the Juniper Moun- 
tains, all traces of the Arthrodiran sandstone are gone. 

In the Grand Wash Cliffs, the Music Mountains, and near Peach 
Springs of Mohave County, the Devonian is composed predominantly 
of limestone. Stratigraphic studies of the Devonian in this part of 
Arizona are hindered by the paucity of fossils and by the very indefinite 
contact between the Cambrian (Muav) and the Devonian. The upper 
beds of the Muav and the lower beds of the Devonian are very similar. 
The observer is often tempted to use for separation the plane with shallow 
depressions in the upper part of the Muav, although the immediately 
overlying beds do not differ materially from the Muav in their lithologic 
nature. For this reason, in the following section, taken east of Peach 
Springs, the basal portion of the Devonian has been placed there only 
tentatively: 


Feet 
Mississipp1AN. Redwall limestone. 
DEVONIAN: 
1. Light-colored crystalline and arenaceous limestone, both in beds from 
one to a few feet thick. A few beds of cavernous limestone........ 142 


2. Ledge-forming, dark-gray, and gray, cavernous limestone in beds from 
two to several feet in thickness with some thin-bedded, compact, crys- 
talline limestone, arenaceous limestone, and calcareous shale, all from 

3. Dark- and light-gray, argillaceous and crystalline, compact, medium- and 
thin-bedded limestone. As the only fossils found in the northwestern 
part of the State occur in this member, some details are given below: 

a. Brown crystalline limestone in beds, 1%, 1, and 2 feet thick, 
the upper layer about 3 feet thick......................... 11 

b. Purplish and mottled argillaceous limestone with a few layers 
of crystalline limestone. Average thickness of beds from 
1 to 3 feet. The crystalline limestone contains specimens of 
Rhynchospira sp. and fragments of fish plates.............. 

c. Thin-bedded, light, argillaceous limestone..................... 

d. Purplish-gray, compact, thin-bedded, crystalline limestone..... 
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e. Cavernous gray limestone 
f. Purplish-gray, compact, crystalline limestone in beds from 1 


4. White and gray impure fragmental limestone.......................... 5 

6. Gnarled, grayish-white limestone with green and purplish shale in places. 


7. Purplish-gray limestone, partly fucoidal, with green shale in the partings.. 65 
8. Pinkish-gray fucoidal limestone, less slabby than the Muav, in places 
arenaceous and filling shallow depressions in the Muav limestone..... 40 


CamBrIAN. Muav limestone 
MISSISSIPPIAN 
GENERAL STATEMENT 

Southeastward of Mazatzal land, the Lower Mississippian strata are 
known as the Escabrosa limestone, whereas, for the areas north and 
northwest of it, Redwall limestone is the name generally used. As will 
be shown later, these two principal formations of the Arizona Lower 
Carboniferous are not exactly taxonomic equivalents with two different 
formational names, but, rather, overlap each other, the Redwall beginning 
somewhat later. The Upper Mississippian deposits are known only in 
southeastern Arizona. 

SOUTHEASTERN AREA 

Escabrosa limestone-—The Escabrosa limestone, as characterized by 
Ransome," is a cliff-forming, thick-bedded, white to dark, non-magnesian, 
granular limestone made up largely of crinoidal material. Generally, 
it contains the following fossils: 


Leptaena rhomboidalis (Wilckens) Syringothyris cartert (Hall) 
Schuchertella inaequalis (Hall) Spirifer centronatus Winchell 
Rhipidomella thiemei (White) Brachythyris peculiaris (Shumard) 
Rhipidomella michelini (L’Eveillé) Syringopora aculeata Girty 

Chonetes loganensis Hall and Whitfield Myalina keokuk Worthen 

Productus ovatus Hall Phanerotinus paradorus Winchell 
Eumetria marcyi (L’Eveillé) Straparollus luxus (White) 

Athyris lamellosa (L’Eveillé) Proetus peroccidens Hall and Whitfield 


On the basis of this fauna, Girty has placed the Escabrosa limestone 
in the Kinderhook and Osage.** The higher beds of the Escabrosa in 
the mines of Bisbee usually contain Brachythyris peculiaris (Shumard), 
Productus mesialis Hall, and just below the contact with the Pennsyl- 
vanian there are abundant single plates of Platycrinus. 


*%F, L. Ransome: Geology and ore deposits of the Bisbee quadrangle, Arizona, U. S. Geol. Surv., 
Prof. Pap. 21 (1904) p. 42-54. 
% Op. cit., p. 46-50. 


Feet 


506 


A. A. STOYANOW—CORRELATION OF ARIZONA PALEOZOIC 


= | 
) 
COCONINO 
MOHAVE 
od 
NAVAJO 
“Plagotafs 
‘ YAVAPAL 
MARICOPA > 
mac 
YUMA 
| | PINAL 
| 
PIMA 


Ficure 3.—Orientation map of the Mississippian of Arizona 


(1) Chiricahua Mountains (Paradise formation), (2) Galiuro Mountains, (3) Santa Catalina 
Mountains, (4) Mazatzal Mountains; (LR) Lake Roosevelt, (CR) Colorado River, (GR) Gila 
River, (CO) Canyon and Oak creeks, (TC) Tonto Creek, (VR) Verde River, (EVR) East Verde River. 
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Strata of Burlington age with well-preserved specimens of Orophocrinus 
stelliformis (Owen and Shumard), Pentremites elongatus Shumard, Platy- 
crinus ornigranulus McChesney, and P. pratteni Worthen are found in 
the lighter-colored limestone beds, 60 to 80 feet thick, within the upper 
part of the Escabrosa in Peppersauce Canyon of the Santa Catalina 
Mountains, 35 miles north of Tucson.** 

As has been pointed out by Darton, the Escabrosa limestone thins out 
toward Mazatzal land. He noted its absence in the valleys of Canyon 
and Oak creeks in Gila County, and he stated that it is “absent or very 
thin in the head of the Touto basin to the west,”®’ a statement which has 
been corroborated by the writer. At Lake Roosevelt, the Escabrosa lime- 
stone, with a rich coral fauna, is present with varying thickness, being 
the top formation of the Paleozoic exposed in that area. 

This thinning out of the Lower Mississippian strata toward Mazatzal 
land was not fully appreciated by Ransome, who introduced the term, 
Tornado limestone,** to cover the sedimentary rocks of both Mississippian 
and Pennsylvanian age that occur in the Ray and Globe quadrangles. 
This term was later applied to large areas of south-central Arizona. The 
lower 145 feet of this limestone are cliff-forming, and, as correctly inter- 
preted by Ransome, belong in the Mississippian. The upper, thinner 
limestone beds, about 800 feet in thickness, are of Pennsylvanian age, 
but they were included by Ransome in his Tornado limestone, because, 
as he stated, “in the Bisbee quadrangle the distinction between the Mis- 
sissippian and Pennsylvanian limestones proved practicable, although 
the plane of demarkation is not definite. In the Ray quadrangle a similar 
distinction might possibly be made, but no satisfactory basis for it ap- 
peared in the course of the field work, and it is doubtful whether its 
accomplishment would be worth the additional labor involved.” ®° 

As Walcott has said, geological nomenclature as applied to rock forma- 
tions is of service only if it enables the student to refer the named forma- 
tion to its position in an established stratigraphic system. If it encumbers 
maps and texts with terms that lead only to confusion and error, the 
sooner it is correctly re-defined or goes to the scrap heap, the better. 
There is certainly no reason to preserve the term, Tornado limestone, in 
the stratigraphic column of Arizona. Within the so-called Tornado, there 
are no transitional faunas between the Mississippian and the Pennsyl- 
vanian. Quite the contrary, the strata of Upper Mississippian time, rep- 


% A. A. Stoyanow: Notes on recent stratigraphic work in Arizona, Am. Jour. Sci., vol. 12 
(1926) p. 319-320. 

9 N. H. Darton: A résumé of Arizona geology, Univ. Ariz., Bull. 119, Geol. Ser. no. 3 (1925) p. 237. 

% F,. L. Ransome: Some Paleozoic sections in Arizona and their correlation, U. S. Geol. Surv., 
Prof. Pap. 98-K (1916) p. 142-143. 

% Op. cit., p. 143. 


508 A. A. STOYANOW—CORRELATION OF ARIZONA PALEOZOIC 


resented typically only in the Chiricahua Mountains of southeastern 
Arizona, are altogether absent between the top of the Lower Mississippian 
and the base of the Pennsylvanian parts of Ransome’s Tornado limestone, 
as they are absent between the Escabrosa and the Naco at Bisbee and 
Tucson. 

From a practical standpoint, the unification of the Mississippian and 
the Pennsylvanian into one formation has resulted in the failure of 
geological workers to measure the thickness of the Mississippian lime- 
stone within the area occupied by the Tornado, or else they failed to 
recognize it, and the thinning out of the Mississippian toward Mazatzal 
land remained largely unnoticed. An observer coming directly from 
Bisbee, with its 700 feet of the Escabrosa limestone, and confronted with 
little more than 150 feet of Lower Mississippian in the Ray-Globe 
quadrangle or at Lake Roosevelt, might be puzzled by such unexpected 
decrease in thickness of the same formation unless he were aware of the 
general nature of the phenomenon. The name, Tornado limestone, is 
therefore discarded in this paper, and that of Escabrosa limestone is used 
for the entire Lower Mississippian in the depositional area southeast of 
Mazatzal land. The Pennsylvanian part of the “Tornado” will be dis- 
cussed as the Galiuro limestone, because in certain ways it is different 
from the Naco, or the Pennsylvanian of extreme southeastern Arizona. 


Paradise formation.—Upper Mississippian strata, found by the writer 
in the Chiricahua Mountains of southeastern Arizona, were discussed in 
1926.°° They appear on the eastern face of the mountains, not far from 
Paradise, an abandoned mining camp, 45 miles northeast of Bisbee and 
10 miles west of the New Mexico line. 

At the base, there is what seems to be an equivalent of the Mississippian 
Escabrosa limestone, although partly differing from it lithologically: a 
sequence of thick-bedded granular limestone, black shale, and moderately 
bedded limestone alternating with sandstone, shale, and thin limestone 
layers filled with shark teeth. Upon this base rest a group of strata 
markedly different, both lithologically and paleontologically, from any- 
thing so far described from the Carboniferous of Arizona. These beds 
consist of black and gray, moderately thick- and thin-bedded crystalline 
limestone, olive-green and yellow when weathered, alternating with sand- 
stone, shale, oolite, cross-bedded caleareous sandstone, and arenaceous 
limestone. The preponderant color is distinctly yellow; so much so that 
when looked upon at a distance it appears as a yellow band between the 
dark beds of the underlying Escabrosa and the higher Naco. The thick- 
ness of the formation as measured by the writer is 134 feet. 


100 A, A. Stoyanow: Notes on recent stratigraphic work in Arizona, Am. Jour. Sci., vol. 12 
(1926) p. 315. 
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The following, fossils have been collected within the division repre- 
sented by these 134 feet: 


Chonetes oklahomensis Snider Eumetria verneuiliana (Hall) 
Echinoconchus biseriatus (Hall) Cleiothyridina sublamellosa (Hall) 
Echinoconchus nevadensis (Meek) Composita biplicata Mather 
Productus elegans Norwood and Pratten Composita ozarkana Mather 
Pugnoides ottumwa (White) Composita trinuclea (Hall) 
Dielasma arkansanum Weller Camarophoria explanata (McChesney) 
Dielasma formosum Hall Modiola illinoisensis Worthen 
Girtyella indianensis (Girty) Lepetopsis chesterensis Worthen 
Girtyella turgida (Hall) Archimedes invaginatus Ulrich 
Spirifer bifurcatus Hall Archimedes n. sp. 

Spirifer leidyt Norwood and Pratten Proutella sp. 

Brachythyris laticosta Mather Platycrinus sp. 

Reticularia setigera (Hall) Griffithides sp. 


Phillipsia sp. 


Archimedes, invariably accompanied by a diminutive brachiopod fauna, 
recurs four times. Two horizons of limestone, several feet in thickness, 
are practically made up of these bryozoa and fully deserve the name 
Archimedes limestone, other fossils being diminutive brachiopods and 
trilobites. This limestone is of olive color with gray streaks and spots 
produced by numberless Archimedes. It is the exception rather than 
the rule to find here specimens of Archimedes without attached fronds. 
From this limestone, R. M. Hernon has recently identified Archimedes 
lativolvis Ulrich, A. confertus Ulrich, and A. efr. terebriformis Ulrich, 
besides Archimedes invaginatus, already mentioned. 

Hernon, who is studying the Paradise formation in detail, has separated 
this formation and the underlying Lower Mississippian limestone in a 


less-faulted area to the north of the writer’s type locality as follows:?™ 
Feet 
PENNSYLVANIAN. Naco limestone. 
Upper MississippIAN. Paradise formation: 


1. Alternating gray granular limestone and shale, the limestone containing 
Productus ovatus Hall and Eumetria vera (Hall).................... 14 

2. Dark, thin-bedded limestone and shale. Massive, black limestone at 
base. This member is very rich in bryozoa. Archimedes invaginatus 
Ulrich, A. confertus Ulrich, A. lativolvis Ulrich, Batostomella spinu- 
losa Ulrich, Eridopora macrostoma Ulrich, Fenestella tenax Ulrich, 
Polypora cestriensis Ulrich, Rhombopora persimilis Ulrich, Streblo- 
trypa nicklesi Ulrich, Productus elegans Norwood and Pratten, P. 
ovatus Hall, Camarophoria explanata (McChesney), Girtyella india- 
nensis (Girty), Spirifer leidyi Norwood and Pratten, Spiriferina spinosa 


(Norwood and Pratten), and Pentremites 9 
3. Alternating limestone and shale. Fauna much like that in members 2 
and 4. Poorly preserved plant remains in shaly beds................. 29 


101 R. M. Hernon: The Paradise formation and its fauna. In preparation. 
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4. Black, massive limestone, predominantly oolitic, rich in bryozoa and 
brachiopods. Archimedes invaginatus Ulrich, A. confertus Ulrich, 

A. proutanus Ulrich, Stenopora tuberculata (Prout), Productus ele- 
gans Norwood and Pratten, P. ovatus Hall, Camarophoria explanata 
(McChesney), Spirifer bifurcatus Hall, S. leidyi Norwood and Pratten, 
Brachythyris ozarkensis Snider, Reticularia setigera (Hall), Eumetria 
verneuiliana (Hall). A marked zone of lamellibranchs and gastropods. 
Deltopecten monroensis (Worthen), Modiola fountainensis Weller, 
Parallelodon minima (Worthen), Bucanopsis sp., Euphemus sp., cnd 

5. Black, thin-bedded limestone and shale with a massive 5-foot bed of 
black limestone near the middle. Rhipidomella burlingtonensis 
(Hall), Chonetes oklahomensis Snider, and Camarotoechia purduei (?) 
Girty. A new species of Spirifer, characterized by a pentagonal out- 

line, is extremely abundant in this member, but occurs also in members 

3 and 4. Stigmaria sp. is found in sandy shale....................... 

6. Shale with gray arenaceous limestone in the middle, overlain by a 
5-foot bed of black limestone bearing numerous, but poorly preserved, 
molluscs. In the arenaceous limestone are found: Fenestella tenax 
Ulrich, Echinoconchus biserialis (Hall), Dielasmoides bisinuatus 
Weller (rare), Girtyella brevilobata (Swallow), Spirifer leidyi Nor- 
wood and Pratten, S. pellaensis Weller, Leda curta Meek and Worthen, 
Leptodesma robustum Girty, Modiola illinoisensis Worthen, Mya- 
lina monroensis Worthen, Bucanopsis monroensis Weller, Euphemus 
lentiformis Weller, and Strophostylus splendens Girty............... 

7. Medium- to thin-bedded, gray limestone, massive and crystalline near 
top, filled with Dielasmoides bisinuatus Weller in the upper 3 feet. 

In places, this part of the limestone is practically made up of that 
brachiopod. In the lower beds are found: Rhipidomella dubia (Hall), 
Camarotoechia mutata (Hall), Pugnoides ottumwa (White)?, Spirifer 
bifurcatus Hall, and Modiola illinoisensis Worthen.................. 

8. Limestone beds, usually fragmental at their bases. Some shale, gen- 
erally poorly exposed. Fossils poorly preserved as a rule. Of those 
identified, Rhombopora wortheni Ulrich is very characteristic of this 
Total thickness of the Paradise formation....................... 

9. Unnamed member. Moderately bedded limestone. Fossils abundant in 
upper 20 feet. Dichotrypa elegans Ulrich, Productus marginicinctus 
Prout, P. scitulus Meek and Worthen, Reticularia setigera (Hall), 
Dielasmoides bisinuatus Weller, Spirifer bifurcatus Hall, and Eumetria 


Total thickness of the Upper Mississippian..................... 
Lower Misstssipp1AN. Escabrosa limestone: 

1. Massive limestone. Lithologically undistinguishable from member 9 
at the base of the Upper Mississippian save for different bedding... . 
2. Medium- to thin-bedded limestone with some shale. Typical Esca- 
orien in the basal portion. ....... 
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Feet 

5. Alternating, thin-bedded limestone and shale lithologically undistinguish- 
Total thickness of the Lower Mississippian...................... 951 
Total thickness of the Mississippian.........................---- 1296 


Devonian. Martin limestone. 


From this list of fossils, it is evident that the Paradise formation corre- 
sponds to the late Meramecian and the early Chesterian rather than to 
any other series of the Upper Mississippian. The Ste. Genevieve age 
of members 6 and 7 is clearly indicated. The limestone (member 9) 
below the base of the Paradise, and the limestone (member 8) above the 
same datum plane are, most probably, of St. Louis age. Member 9 is 
not included in the Paradise formation at present because of its lithologic 
nature. Whereas all the members of the Paradise formation differ strik- 
ingly from the older Mississippian strata as well as from the overlying 
Pennsylvanian, indicating shallowing waters and constituting an excellent 
mappable unit, member 9 is in appearance very much like the underlying 
Escabrosa limestone, but it can be separated from the latter by its 
thinner bedding and by its definitely Upper Mississippian fossils. 


Clifton-Morenci district—According to Lindgren,’ the Mississippian 
beds of the Clifton-Morenci district are composed of two units which 
are partly synchronous. Near Morenci, the Mississippian is represented 
by the Modoc limestone, which is made up of 170 feet of coarse blue and 
gray limestone with some quartzite and dolomite. Its Lower Mississip- 
pian age is determined by the presence of such fossils as Leptaena rhom- 
boidalis (Wilckens), Spirifer centronatus Winchell, S. aff. keokuk Hall, 
and Platycrinus sp. There can hardly be any doubt that the Modoc 
limestone is an equivalent of some part of the Escabrosa, although quartz- 
ites and dolomites are practically unknown within the latter. The Modoc 
limestone is directly overlain by Mesozoic strata. 

Another unit of the district, not developed at Morenci, but found in 
the northern third of the Clifton-Morenci quadrangle, is the Tule Spring 
limestone, which attains a thickness of 500 feet. About 200 feet of the 
Tule Spring limestone, characterized by Leptaena rhomboidalis 
(Wilckens), Chonetes loganensis Hall and Whitfield, Spirifer centronatus 
Winchell, S. keokuk Hall, and Reticularia cooperensis (Swallow), have 
been placed in the Mississippian and correlated with the Modoc; whereas 
the upper 300 feet, with characteristic Pennsylvanian fossils, represent 
the Upper Carboniferous of the quadrangle. Unlike the Modoc, the 


1022 W. Lindgren: The copper deposits of the Clifton-Morenci district, Arizona, U. 8. Geol. Surv., 
Prof. Pap. 43 (1905) p. 69-72; Clifton, Arizona, U. S. Geol. Surv., Geol. Atlas, Clifton folio no. 129 
(1905) p. 4-5. 
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Tule Spring is made up entirely of heavy-bedded, bluish-gray limestone 
resembling in lithology the Escabrosa and the Naco. 

It is apparent that the Upper Mississippian is missing in this area and 
that, in all probability, the time interval between the Lower Mississippian 
part of the Tule Spring limestone and its Pennsylvanian portion is as 
profound as that between the Escabrosa and the Naco of Bisbee. If the 
Mississippian part of the Tule Spring is younger than the Modoc, it is at 
least not revealed in the lists of fossils. No further studies of the Clifton- 
Morenci Carboniferous have been undertaken since Lindgren’s work. 
A detailed examination of the geological sections with the Tule Spring 
will possibly result in the establishment of a line of separation between 
the Mississippian and the Pennsylvanian parts of the formation on 
paleontological evidence, as was possible in the case of the “Tornado” 
limestone. 

NORTH-CENTRAL AREA 

Redwall limestone.—On the northwestern side of Mazatzal land, and 
adjacent to it, as seen in the outcrops between Payson and Pine in central 
Arizona, the thickness of the Mississippian is very insignificant, not over 
80 feet. This lesser thickness may be due both to the original depositional 
conditions influenced by the proximity and structural development of 
Mazatzal land, and to pre-Pennsylvanian erosion followed by the great 
Pennsylvanian transgression. The relation between Mazatzal land and 
the Pennsylvanian sea will be discussed in subsequent pages dealing with 
the Pennsylvanian. 

The Mississippian beds in this area are composed of light-gray, 
crinoidal, partly crystalline, and in places silicified and cherty limestone 
in which well-preserved heads of Physetocrinus have been found. 

In the Grand Canyon area, the Redwall limestone fauna has never 
been studied in detail, but, at Jerome, C. E. Wooddell examined the Red- 
wall very carefully in the summer of 1926 and later worked on his col- 
lections, under the writer’s direction, for his advanced degree.’ His 
observations are incorporated in the following paragraphs. 

At Jerome, according to Wooddell, the Redwall limestone is as follows: 


Feet 
Permian. Supai. 
Disconformity. 
Lower Redwall limestone: 
1. Thin-bedded, pure, hard, fine-grained, buff limestone................... 15 
2. Thick-bedded, hard, fine-grained, light-gray, crinoidal limestone...... . 8 


3. Generally slope-forming, mostly coarse-grained, highly crystalline, fos- 
siliferous limestone varying in color from white to light-gray or to 


13 C, E. Wooddell: The Mississippian fauna of the Redwall limestone near Jerome, Arizona. 
Submitted in partial fulfilment of the requirements for the degree of Master of Science in the 
Graduate College of the University of Arizona, 1927. 
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4. Cliff-forming, finely crystalline, white to gray limestone containing large 


5. Coarse-grained, crystalline, light-gray, crinoidal limestone.............. 30 
6. Massive, hard, gray, crinoidal 20 
Total thickness of the Redwall limestone....................... 300 


Erosional unconformity. 
DEvonIAN. Jerome formation. 


The thickness of member 6 is variable, and very few determinable fos- 
sils have been secured from it because of the hardness of the limestone. 
Member 5 is quite fossiliferous, but its fossils are too poorly preserved for 
positive identification. Member 4, although practically made up of 
crinoids, seems to be devoid of determinable fossils. Member 3 actually 
carries all the forms on the basis of which the age of the Redwall, as 
exposed at Jerome, is determined. Member 2 is poor in fossils, and these 
are unsatisfactorily preserved. Member 1 is rich in corals, but, because 
of the hardness of the limestone and the calcified condition of the fossils, 
very few good specimens have been obtained from it. 

Member 3 has yielded the following species: 


Schellwienella inaequalis (Hall) Rhynchopora persinuata (Winchell) 

Schellwienella inflata (White and Rhynchopora pustulosa (White) 
Whitfield) Spirifer albapinensis (Hall and 

Schellwienella planumbona Weller Whitfield) 

Orthotetes keokuk (Hall) Spirifer rowleyi Weller 

Rhipidomella burlingtonensis (Hall) Brachythyris peculiaris (Shumard) 

Rhipidomella diminutiva Rowley Reticularia cooperensis (Swallow) 

Rhipidomella dubia (Hall) Ptychospira sexplicata (White and 

Rhipidomella jerseyensis Weller Whitfield) 

Rhipidomella tenuicostata Weller Eumetria verneuiliana (Hall) 

Schizophoria sedaliensis Weller Straparollus obtusus Hall 

Schizophoria swallovi (Hall) Straparollus ophirensis Hall and 

Productus parviformis Girty Whitfield 

Productus parvulus Winchell Straparollus utahensis Hall and 

Productus sampsoni Weller Whitfield 

Productus viminalis White Platyceras tribulosum White 

Echinoconchus alternatus (Norwood and  Phillipsia peroccidens (Hall and 
Pratten) Whitfield) 


Rhynchopora hamburgensis Weller 


Of the closely related forms represented by varieties, the following 
species should be mentioned: 


Productus ovatus Hall Spirifer centronatus Winchell 
Camarotoechia elegantula Rowley Brachythyris chouteauensis Weller 
Camarotoechia metallica (White) Cyrtia inexpectans Weller 
Dielasma osceolense Weller Eumetria acuticosta Weller 
Spirifer louisianensis Rowley Composita trinuclea (Hall) 


Myalina keokuk Worthen 
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In the Redwall limestone, Spirifer centronatus is represented by seven 
varieties. The form described by White, from “Mountain Spring, old 
Mormon road, Nevada,”*°* which is so abundant in the Escabrosa lime- 
stone as to be one of its prominent guide fossils, is, however, altogether 
absent. It will also be noted that many Escabrosa species, like Rhipi- 
domella thiemi, Leptaena rhomboidalis or analoga, Syringothyris, usually 
referred to cartert, and Chonetes loganensis, have not been found at 
Jerome. On the other hand, Schizophoria swallovi, Orthotetes keokuk, 
and Spirifer rowleyi are unknown in the Escabrosa limestone. The pres- 
ence of the later Osagian within the Redwall can be established on a 
more secure basis than it is in the case of the Escabrosa. A few fossil 
species are suggestive of an age even younger than the Osagian. 

From the list of species collected in the Redwall, the inference may be 
made that the bulk of its fauna ranges from the later Kinderhook into 
the Keokuk, with the greater number of forms confined to the late Kinder- 
hook and the Burlington. 

PENNSYLVANIAN 
GENERAL DISTRIBUTION 


The Archeozoic schist and the Mazatzal rocks of central Arizona, the 
exposed and visible part of Mazatzal land, which separated the southeast- 
ern and northwestern depositional areas in the late pre-Cambrian, all 
through Early Paleozoic, and as late as the Devonian and the Mississip- 
pian, formed an actual barrier that is now indicated by the present loca- 
tion of the outcrops and the geological sections. In Pennsylvanian time, 
however, the sea encroached upon the existing part of the barrier and, 
indeed, rolled over it. Of all the pre-Permian rocks, those of Pennsyl- 
vanian age are the only ones present on the barrier as seen in the sections 
of Gordon and Haigler creeks in central Arizona. 

On the northwestern side of the barrier, the Pennsylvanian beds are 
found between Payson and Pine. In a northern direction, the Pennsyl- 
vanian strata underlie the Supai formation and pass under the Plateau 
beneath the Mogollon rim for an unknown distance. It is of considerable 
interest and importance to note that, northwest of Pine—that is, in the 
direction parallel with the rim of the Plateau—the Pennsylvanian thins 
out before reaching Camp Verde. At Jerome, the Permian Supai rests 
directly upon the Redwall, and from Jerome on, both in northern and 
in northwestern directions, there is not the slightest evidence of the 
Pennsylvanian; everywhere throughout Yavapai, Coconino, and Mohave 


104C, A. White: Report upon the invertebrate fossils collected in portions of Nevada, Utah, 
Colorado, New Mexico, and Arizona, U. 8. Geog. Surv. W. 100th Meridian (Wheeler), vol. 4, pt. 1 
(1877) p. 86-87, pl. 5, figs. 8, a-b-c. 
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Ficure 4.—Orientation map of the Pennsylvanian of Arizona 


(1) Galiuro Mountains (Galiuro limestone near Winkelman), (2) Mazatzal Mountains, (3) Mogollon 
Rim, (4) Black Mesa, (5) Juniper Mountains, (6) Aubrey Cliffs, (7) Grand Wash Cliffs; (CR) Colo- 
rado River, (GR) Gila River, (LR) Lake Roosevelt, (VR) Verde River, (EVR) East Verde River, 
(GH) Gordon and Haigler creeks. 
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counties, in Black Mesa, Juniper Mountains, Aubrey Cliffs, Grand Wash 
Cliffs, and the Grand Canyon, the Redwall limestone is directly overlain 
by the Supai formation. As will be shown later, the entire Supai, in- 
cluding limestone beds within it and in places at its base, is of Permian 
age. Sedimentary rocks of Pennsylvanian age are altogether absent 
throughout northern and northwestern Arizona. 

What part of Mazatzal land limited the progress of the Pennsylvanian 
sea to the north and northwest is hard to tell. The granites and schists 
that extend north and northeast from Wickenburg beyond Prescott and 
Jerome may represent what is left of it. 

In central Arizona, the pronounced influence of the Mazatzal land- 
surface and rocks upon the Paleozoic sediments is very evident between 
Pine and Payson and, especially, near Natural Bridge. The Cambrian, 
Devonian, Mississippian, and Pennsylvanian beds are there in close 
proximity to a steep ridge made up of Mazatzal quartzite. This locality 
was examined by Ransome in the course of a brief reconnaissance in 1912 
and described as follows: 

The ridge can be traced in a north-northeasterly direction from Natural Bridge 
for about 4 miles to a point east of Pine, where it passes under the horizontal 
strata of the plateau. About 2% miles southeast of Pine, on the road to Payson, 
the nearly horizontal limestones above the Cambrian sandstone abut unconform- 
ably against the slope of the old ridge and locally contain angular fragments of 
the older quartzite. While it is difficult to understand the survival of a small 
ridge as an isolated monadnock on a surface so nearly worn down to a plain as 
that over which the arenaceous deposits of the Cambrian sea were spread for 
thousands of square miles, it is still more difficult to account in any other way 


for this island-like mass of indurated tilted strata surrounded by dissimilar, nearly 
horizontal, and apparently younger beds.’* 


The results of the writer’s more leisurely observations differ from the 
above interpretation. According to him, there was, from the Middle 
Cambrian into the Pennsylvanian, no monadnock in the form of a ridge 
that withstood the elements and the seas, into which angular pieces of 
quartzite were falling from the nearby cliffs to be embedded in limestone. 
The Upper Paleozoic limestones now abutting against the ridge were not 
deposited close to it, for the relation between the nearly horizontal Paleo- 
zoic sedimentary beds and the steeply tilted beds of Mazatzal quartzites 
and conglomerates is due to faulting. 

The relationship between Mazatzal land and its rocks, on the one hand, 
and the Paleozoic strata just discussed, on the other, may be briefly 
summarized thus: 

1. Within the Tapeats sandstone there are layers with well-rounded, 
medium-sized boulders made up of Mazatzal quartzite, marking the 


106 F. L. Ransome: Some Paleozoic sections in Arizona and their correlation, U. 8S. Geol. Surv., 
Prof. Pap. 98-K (1916) p. 142-143. 
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encroachment of the Middle Cambrian sea upon Mazatzal land (com- 
pare p. 462). 

2. No angular pieces of the Mazatzal quartzite have been observed 
in either Devonian (Jerome formation) or Mississippian (Redwall lime- 
stone). Certain it is that the material of which the Arthrodiran sand- 
stone in the lower part of the Jerome formation is made was derived from 
Mazatzal land, but in a re-worked condition, and in the same way as the 
material composing the Tapeats sandstone was formed, thus accounting 
for the astonishing lithologic similarity between these two sandstones. 
In addition, there is considerable pinkish material in the limestones of 
both the Jerome formation and the Redwall limestone, but this sandy 
material had passed through the regolith phase before reaching the area 
of deposition of the limestone. 

3. Within the Pennsylvanian there are conglomerates, in places over 
50 feet in thickness, that contain large and well-rounded boulders of the 
Mazatzal quartzite."°° These conglomerates are well developed in the 
East Verde basin between Payson and Pine. 

Thus, in both the Cambrian and the Pennsylvanian deposits, the close 
proximity and elevated condition of Mazatzal land are demonstrated. 
During Devonian and, especially, during Mississippian time, its relief 
was very low. 

Bearing in mind these facts, it is to be accepted that, in Pennsylvanian 
time, there was only one depositional area in Arizona—namely, the 
southeastern—and that the spreading of the Pennsylvanian sea north- 
ward and northwestward was prevented by a land mass of considerable 
areal extent. A paleogeographic map of Arizona Pennsylvanian will 
differ from those of earlier periods in showing no seas in the entire northern 
half of the State. 

GALIURO LIMESTONE 


Southeastern Arizona has two stratigraphic units of Pennsylvanian age, 
the Naco limestone, a term introduced by Ransome’” in 1904 for the 
Upper Carboniferous of Bisbee, and the Galiuro limestone of the Gila 
Basin, briefly discussed by the writer’®* in 1926. In the extreme south- 
eastern part of Arizona, the Pennsylvanian limestone passes upward with 
apparent conformity into the Permian limestones. Northward of the 
southeastern limestone belt, however, in the Whetstone Mountains and 
the Little Dragoon Mountains, clastic rocks—conglomerates, sandstones, 


106 A. A. Stoyanow: Notes on recent stratigraphic work in Arizona, Am. Jour. Sci., vol. 12 
(1926) p. 314. 

1077 F, L. Ransome: Geology and ore deposits of the Bisbee quadrangle, Arizona, U. S. Geol. Surv., 
Prof. Pap. 21 (1904) p. 44-54. 

108 A. A. Stoyanow: op. cit., p. 320-324. 


518 A. A. STOYANOW—CORRELATION OF ARIZONA PALEOZOIC 


and shales—make their appearance within the basal Permian; whereas, 
farther north, in the upper part of the Salt River basin, the Pennsyl- 
vanian is separated from the Supai formation by a profound and marked 
disconformity. 

Of these two formations of Pennsylvanian age, the Galiuro limestone, 
which embraces the Pennsylvanian part of Ransome’s “Tornado” forma- 
tion in the Gila River basin, is much the more interesting for the purpose 
of stratigraphic research. The beds composing the Galiuro are indi- 
vidualized lithologically, as compared with the monotonous lead-gray 
limestone beds of the Naco. Unfossiliferous strata are scarce within the 
Galiuro, and the vertical distribution of fossils permits easy zoning. 

The type section is in the Galiuro Mountains, at the junction of the 
Gila and the San Pedro rivers, about 45 miles northeast of Tucson and 
6 miles east of Winkelman, south of the Deer Creek coal field and Ash 
Creek, and at the foot of Saddle Mountain; these topographic features 
have been described by M. R. Campbell. Here the Pennsylvanian 
strata are light-gray, white, and light-brown limestone beds rich in 
nodules and bands of chert, all abundantly fossiliferous, the fossils often 
being completely silicified. In this part of the mountains, the thickness 
of the Galiuro limestone is about 950 feet. The entire complex of strata 
was tilted up in pre-Cretaceous time so that at present the basal Creta- 
ceous conglomerates and quartzites rest upon the Galiuro limestone with 
a distinct structural unconformity, and, in the matrix of the Cretaceous 
conglomerate, cherts and fragments of Pennsylvanian fossils, especially 
well-preserved specimens of fusulinae, are found in abundance. The 
Cretaceous coal-bearing deposits, described by Campbell, are in Deer 
Creek valley immediately north. 

The basal 40 feet of the Galiuro limestone, consisting of alternating 
arenaceous and argillaceous shales with layers of limestone at the top, 
may be conveniently called the “Fusulinella beds” because of the abun- 
dance of Fusulinella. Next above are limestones filled with specimens 
of Marginifera splendens (Norwood and Pratten). Marginifera waba- 
shensis (Norwood and Pratten) is less abundant, while M. muricatina 
Dunbar and Condra is quite rare. Specimens of Marginifera are also 
found higher up in the section, but, since they constitute almost 100 per 
cent of the fauna in the lower limestones, they may properly be called 
“Marginifera beds.” The overlying strata are made up of white, yellow, 
brown, and pink limestone, often silicified and with frequent inclusions 


109M. R. Campbell: The Deer Creek coal field, Arizona, U. S. Geol. Surv., Bull. 225 (1904); 
Conglomerate dikes in southern Arizona, Am. Geol., vol. 33 (1904) p. 135-138. 
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of cherty nodules. The fossils found here in great numbers are typically 


Lower Pennsylvanian: 


Chonetes (Chonetina) flemingi (Norwood 
and Pratten) 

Chonetes (Chonetina) flemingi var. ple- 
beta Dunbar and Condra 

Chonetes (Mesolobus) mesolobus (Nor- 
wood and Pratten) 

Chonetes (Mesolobus) mesolobus var. eu- 
ampygus (Girty) 

Chonetes (Mesolobus) mesolobus var. lio- 


Cleiothyridina orbicularis (McChesney) 
Composita argentea (Shepard) 
Composita ovata Mather 

Composita trilobata Dunbar and Condra 
Spirifer (Neospirifer) cameratus Morton 
Spirifer (Neospirifer) triplicatus Hall 
Spirifer rockymontanus Marcou 

Spirifer occidentalis Girty 

Spirifer opimus Hall 


derma Dunbar and Condra 


Forms having a longer range are represented by: 


Ambocoelia planoconvera (Shumard) 

Spiriferina (Punctospirifer) kentucky- 
ensis (Shumard) 

Hustedia mormoni (Marcou) 

Composita subtilita (Hall) 

Composita wasatchensis (White, non 
Mather) 

Rhipidomella pecosi (Marcou) 


Dictyoclostus americanus Dunbar and 
Condra 

Dictyoclostus 
and Pratten) 

Echinoconchus semipunctatus (Shepard) 

Chonetes granulifer Owen 

Dielasma bovidens (Morton) 

Squamularia perplexa (McChesney) 


portlockianus (Norwood 


Productids other than those with semi-reticulate ornamentation are 
very scarce. Of Linoproducti, only the forms of the true “cora” type are 
present; that is, they conform in outline and general characters with 
what is regarded as d’Orbigny’s species rather than with the described 
North American forms. Noteworthy is the paucity, and, on the majority 
of specimens, the total absence, of spines. 

During a number of years of collecting in the Galiuro Mountains, only 
a few score of specimens of Juresania nebrascensis (Owen) have been 
found, as compared with thousands of specimens of other fossils. 

Productus (Linoproductus) multistriatus Meek is very characteristic, 
although not abundant, in this part of the section. The forms from the 
Permian of the Glass Mountains, Texas, and from Las Delicias, Coahuila, 
Mexico, referred to Meek’s species by Robert E. King," seemingly do 
not belong to it; they are too wide and possess a distinct, though faint, 
reticulation in the umbonal region of the shell. Probably King’s species 
is more nearly related to Productus guadalupensis Girty, which is a Per- 
mian form." 


10R, E. King: The geology of the Giass Mountains, Texas: Pt. II, Faunal summary and 
correlation of the Permian formations, with description of brachiopoda, Univ. Texas, Bull. 3042 
(1931) p. 71-72, pl. 13, figs. 1-3. 
111 Compare A. A. Stoyanow: op. cit., p. 323. 
G. H. Girty: The Guadalupian fauna, U. S. Geol. Surv., Prof. Pap. 58 (1908) p. 261. 
R. E. King: op. cit., p. 67. 
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Other fossils occurring in this division of the Galiuro limestone include: 


Orbiculoidea missouriensis (Shumard) Lophophyllum profundum (Edwards and 
Orbiculoidea cfr. subtrigonalis (McChes- Haime) 


ney) Prismopora triangulata (White) 
Azxophyllum rude Worthen and St. John Platyceras nebrascense Meek 
Campophyllum torquium (Owen) Phillipsia major Shumard 


The upper part of the Galiuro limestone consists of thinner-bedded, 
pink and brown, hard, compact limestones, often more or less silicified 
and containing well-preserved bryozoan reefs. In these beds, Orthotichia 
morganiana (Derby) is in an astonishing number of specimens, usually 
silicified, and, as this species is not found anywhere lower in the section, 
this upper division may be called the “Orthotichia beds.” Orthotichia 
morganiana was first described by Derby from Itaituba, Brazil, and, later, 
was found in the Pennsylvanian of the Ural Mountains of Russia. The 
significance of the presence of this species in the Pennsylvanian of 
Arizona was briefly discussed by the writer in 1926,'!* and a few speci- 
mens from the Galiuro limestone were illustrated by Schuchert and 
Cooper as Orthotichia aff. morganiana (Derby)."** The writer has in 
his possession many hundreds of specimens of this species, including both 
typical forms and varieties, and he does not hesitate to repeat his former 
statement that the species from the Galiuro Mountains is identical with 
that described by Derby from Brazil.1‘* Dunbar and Condra hold that 
the only difference between Schizophoria King and Orthotichia Hall and 
Clarke consists in a greater degree of development of the ventral median 
septum in the latter genus, pointing out also that this difference is very 
slight and of degree only.** The writer can not share this view. Ac- 
cording to his observations, the strong median septum in the ventral valve 
is a constant feature of Orthotichia. Moreover, the degree of development 
of this septum does not depend on the variations in the shell-configuration 
and in the resupination of the valves. 

Another species found invariably in close association with Orthotichia 
morganiana is Derbya tapajotensis (Derby), the type described by Derby 
from Itaituba, Brazil. A third species common to Itaituba and the 
Galiuro Mountains is Streptorhynchus hallianum Derby, but it is very 
rare in Arizona. 


12 A. A. Stoyanow: op. cit., p. 322-323. 

13 Charles Schuchert and G. Arthur Cooper: Brachiopod genera of the suborders Orthoidea and 
Pentameroidea, Peabody Mus. Nat. Hist., Mem., vol. 4, pt. 1 (1932) pl. 24, figs. 12, 15, 22, 23, 
24, and 27. 

40. A. Derby: On the Carboniferous brachiopoda of Itaituba, Rio Tapajos, Province of Para, 
Brazil, Cornell Univ., Bull. 1 (1874) p. 29, pl. 3, figs. 1-9, 11, 34; pl. 4, figs. 6, 14, 15. 

u5C. O. Dunbar and G. E. Condra: Brachiopod genera of the suborders Orthoidea and Penta- 
meroidea, Peabody Mus. Nat. Hist., Mem., vol. 4, pt. 1 (1932) p. 55. 
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In Brazil, the Morgan Expedition found all three species last men- 
tioned in the same locality in the Lower Tapajos basin. The limestones 
that contain these fossils are exposed 2 or 3 miles upstream from Itaituba 
at Bomjardim. Many silicified specimens are, however, found loose along 
the beach at Itaituba. According to Hartt, the fossiliferous limestones of 
Bomjardim are “light-grayish brown in color, compact, hard, and full 
of scattered fossils,” and “beautiful silicified shells, quite disengaged 
from the matrix” are “ready to drop into the hand.” Of interest is the 
statement that “in the limestone, and associated with the shells, are long, 
tortuous, irregularly cylindrical, root-like, siliceous casts, perhaps of 
fucoids.”"# This suggests the bryozoan reefs within the Orthotichia 
beds of the Galiuro Mountains, although, in the latter locality, the pres- 
ervation of the bryozoa is quite satisfactory. The Orthotichia beds, both 
in the Galiuro Mountains and at Itaituba, seem to have been formed 
under remarkably similar facial conditions. 

The paleontological nature of the Pennsylvanian on the northwestern 
side of the Mazatzal barrier has essentially the same expression as that 
in the Galiuro Mountains, except that neither the Marginifera nor the 
Orthotichia beds have been found there. 


NACO LIMESTONE 


The Naco limestone of Bisbee and Tombstone, as originally character- 
ized by Ransome, is composed of light-colored, gray, and pinkish-gray 
limestone beds, generally thinner-bedded than the underlying Escabrosa 
limestone, with estimated thickness of 3000 feet. Although the Naco 
limestone rests on the Escabrosa with a marked disconformity and, ex- 
cept in the Chiricahua Mountains, the Upper Mississippian is not repre- 
sented anywhere in southeastern Arizona, the relation between these two 
Carboniferous formations is that of apparent conformity, as was pointed 
out by Ransome.*?” 

As early as 1904, Girty recognized two different faunas within the Naco: 
(1) A very early Pennsylvanian fauna for which the following list 1*° 
of fossils was given in 1916: 

Fusulina cylindrica Fischer v. Waldheim Productus semireticulatus Martin 
Chaetetes milleporaceous Edwards and  Productus cora d’Orbigny 


Haime Productus coloradoensis Girty 
Derbya crassa Meek and Hayden Pustula nebraskensis Owen 


116C, H. Hartt: Report of a reconnaissance of the Lower Tapajos, Cornell Univ., Bull. 1 (1874) 
p. 11-37. 

117 F, L. Ransome: Geology and ore deposits of the Bisbee quadrangle, Arizona, U. S. Geol. Surv., 
Prof. Pap. 21 (1904) p. 45. 

118F, L. Ransome: Some Paleozoic sections in Arizona and their correlation, U. 8. Geol. Surv., 
Prof. Pap. 98-K (1916) p. 148. 
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Pustula semipunctata Shepard Squamularia perplera McChesney 

Marginifera wabashensis Norwood and Spirtferina kentuckyensis Shumard 
Pratten Composita subtilita Hall 

Spirifer rockymontanus Marcou Hustedia mormoni Marcou 

Spirifer cameratus Morton Dielasma bovidens Morton 


Phillipsia major Shumard 


(2) The younger fauna, very rich in gastropods, was tentatively placed 
by Girty in the Upper Pennsylvanian, with emphasis on its resemblance 
to the Upper Carboniferous faunas of the Hueco Mountains, Texas. 
Darton *?® found Carboniferous faunas younger than the Lower Pennsyl- 
vanian in many localities in southeastern Arizona. The presence of rich 
gastropod faunas northeast of the area of continuous limestone deposition, 
in limestone beds alternating with shale and sandstone, was pointed out 
by the writer??° in 1926. Carl Lausen undertook special collecting in this 
zone with clastic rocks. At present the following stratigraphic units, in 
ascending order, are distinguished within the “Upper Carboniferous” 
of southeastern Arizona: (1) Lower Pennsylvanian of Bisbee, as originally 
established by Ransome and Girty; (2) Lower Pennsylvanian, with a 
number of species known from the Wewoka formation; (3) the equivalent 
of the Manzano formation of New Mexico; (4) the Permian limestone 
described later in this paper as the Snyder Hill limestone; and (5) the 
equivalent of part of the Kaibab limestone of the Grand Canyon. 

Unfortunately, the upper beds of the Permian are invariably eroded, 
and the localities where the contacts between the formations with dif- 
ferent faunas are fairly well exposed occur generally in such badly 
faulted areas, often high in the mountains, as to render estimates of 
their thicknesses, without much more detailed work, mere approximations. 

In the Whetstone Mountains, as observed by Lausen, the thickness of 
the Naco proper is about 1600 feet. The beds consist of thin-bedded, 
dark-gray to black (often weathering white) limestone, in places with 
chert, partly dense and granular, interbedded with calcareous shale that 
weathers buff. These limestone beds yielded the following fauna: 


Chaetetes milleporaceous Edwards and  Dictyoclostus americanus Dunbar and 


Haime Condra 
Campophyllum torquium (Owen) Linoproductus cora (d’Orbigny) 
Lophophyllum profundum (Edwards and Echinoconchus semipunctatus (Shepard) 
Haime) Juresania nebrascensis (Owen) 
Orbiculoidea missouriensis (Shumard) Marginifera splendens (Norwood and 
Derbya crassa (Meek and Hayden) Pratten) 


m9N. H. Darton: A résumé of Arizona geology, Univ. Ariz., Bull. 119, Geol. Ser. no. 3 


(1925) p. 71-104. 
19 A. A. Stoyanow: Notes on recent stratigraphic work in Arizona, Am. Jour. Sci., vol. 12 


(1926) p. 321. 


ei. 
7 
3 
a 


PENNSYLVANIAN 


Dielasma bovidens (Morton) Hustedia mormoni (Marcou) 
Spirifer cameratus Morton Squamulaira perplera (McChesney) 
Spirifer occidentalis Girty Composita subtilita (Hall) 
Spiriferina kentuckyensis (Shumard) Platyceras nebrascense Meek 
Squamulaira perplera (McChesney) Phillipsia major Shumard 


This fauna is typically Lower Pennsylvanian, and this division repre- 
sents the Naco sensu stricto. Upon these strata, there are from 400 to 
650 feet of reddish arenaceous limestone. Fossils are very scarce, but 
accumulations of algae, some fenestellids, and one specimen of Productus 
cora were found in the reddish limestone. Above these shales, there is 
a white, massive limestone, about 30 feet thick, underlain and overlain 
with white sandstones. This limestone contains a Lower Pennsylvanian 
fauna with a decidedly Wewoka aspect. It is easily distinguished from 
the lower fauna, by the sudden appearance of gastropods and lamelli- 
branchs which form a large percentage of the list of species. The forms, 
in common with those described from the Wewoka formation of Okla- 
homa,}”? include: 


Astartella concentrica (Conrad) Phanerotrema grayvillense (Norwood 
Nucula wewokana Girty and Pratten) 

Euphemus carbonarius (Cox) Meekospira choctawensis Girty 
Worthenia tabulata (Conrad) Zygopleura plebeia (Herrick) 


Orestes nodosus Girty 


Higher up in the section are sandstones and shales, about 750 feet in 
thickness, with thin-bedded, bluish-gray limestone, 250 feet thick. These 
upper limestone beds contain a characteristic Manzano assemblage. 
Since the Manzano fauna is generally included in the Permian, and since, 
in the Fort Apache Indian Reservation area, it is actually found within 
the Supai and above the Supai beds containing a Permian flora, the time 
interval between the Lower Pennsylvanian (Naco) and the Permian 
must be somewhere within the 750 feet of clastic rocks. Detailed work in 
this section is very desirable. 

In the Whetstone Mountains, the topmost beds of the Carboniferous 
are light-gray and black limestones, the basal part of the Snyder Hill 
formation. These beds, together with the strata containing a Manzano 
fauna, are discussed under the Permian. 


PERMIAN 
AREAL DIVISIONS 
There was a marked difference in the depositional conditions in north- 


ern and in southeastern Arizona during Permian time. In the extreme 
southeastern part of the State, both the Pennsylvanian and the Permian 


121G, H. Girty: Fauna of the Wewoka formation of Oklahoma, U. S. Geol. Surv., Bull. 544 
(1915) 353 pages. 
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deposits are typical marine limestones. Northeast of this limestone belt, 
clastic rocks constitute a considerable portion of the Upper Carboniferous 
strata. In mid-eastern Arizona, some of the marine beds of the southeast 
interfinger with the continental sedimentary beds of the northern type, 
thus affording a very valuable guide for stratigraphic correlation. In the 
northern part of the State, typified by the Grand Ganyon section, the 
Permian formations, with the exception of part of the Kaibab, are of con- 
tinental origin. Thus, three areas must be discussed under the Permian 
of Arizona: (1) The northern area, (2) the southeastern area, and (3) 
the intermediate area of the Fort Apache Indian Reservation. As it is 
important to make possible the correlation of the land-locked formations 
of the north with the marine stratigraphic units of the southeast, and 
because the stratigraphic column of the Grand Canyon area is already 
well established, a brief account of the northern area is given first. 


NORTHERN AREA 


Historical background.—The names for the Permian stratigraphic units 
of the Grand Canyon—the Supai formation, the Coconino sandstone, and 
the Kaibab limestone—were introduced by Darton,’*? who also set forth 
characteristics of these units. Later, much detailed work was done, and 
information added, by Noble,}** who designated the Hermit shale as a 
new formation between the Supai formation and the Coconino sandstone. 
More recently, the formations constituting the upper part of the walls of 
the Grand Canyon were discussed by David White.'** These data are 
used, in an abbreviated way, in the following descriptions. 


Supat formation.—At the base of the Supai formation are lenses of 
limestone with silicified calcareous algae. Algal accumulations also occur 
above, in the red shale. Sandy beds are characteristic of the lower and 
middle parts of the formation. Some of the sandstones are thick and 
light-gray in color. Tracks of vertebrate animals, distinct both from 
those known in the Coconino and from those found at top of the red beds, 
occur in a massive white ledge. Traces of plants, Walchia and Rivu- 
larites, are found at several horizons. About 25 feet above the base of 
the Supai, fragments of Walchia, Cordaites, Taeniopteris, Neuropteris, 
and Calamites occur in the red shales and sandstones. The upper 270 
feet of the Supai, hard, dark-red sandstones, withstanding weathering 
better than the overlying Hermit shale, are known locally as the Esplanade 


122.N, H. Darton: A reconnaissance of parts of northwestern New Mexico and northern Arizona, 
U. S. Geol. Surv., Bull. 435 (1910) 88 pages. 

1231,, F. Noble: A section of the Paleozoic formations of the Grand Canyon at the Bass Trail, 
U.S. Geol. Surv., Prof. Pap. 131 (1922) p. 23-73. 

14% David White: Flora of the Hermit shale, Grand Canyon, Arizona, Carnegie Inst. Wash., Publ. 
no. 405 (1929) 221 pages. 
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sandstone.’**> No strata with marine fossils are found within the Supai 
in the Grand Canyon. According to Darton, the thickness of the Supai 
in the Grand Canyon is about 900 feet. 


Hermit shale—The Hermit shale, noted for its important plant re- 
mains, is made of red shales and sandstones, from 225 to 325 feet in 
thickness. About 45 species of plants found in the Hermit shale have 
been described by David White.’** This peculiar flora, devoid of typical 
Pennsylvanian genera known to persist into the Lower Permian of North 
America, such as Calamites, Cordaites, Odontopteris, Neuropteris, Callip- 
teridium, and Alethopteris, is dominated by the polymorphous species, 
Callipteris conferta, and the new genus Supaia. Outstanding interest in 
this flora lies in the fact that, like the Upper Carboniferous floras of An- 
gara and Gondwana lands, with which it is linked to some extent, it con- 
tains forms not known from the typical Lower Permian; whereas, its far- 
reaching importance is in its advantageous stratigraphic position and 
its relation to the older (Manzano) and younger (Kaibab) fossiliferous 
marine beds, the age of which, unlike that of many plant-bearing strati- 
graphic units of Eurasia, can not be questioned. This is not the place, 
however, to discuss the wider problems in which the Permian of Arizona 
may be involved, and, in this paper, the Hermit shale is considered only 
from the standpoint of correlation within Arizona. 


Coconino sandstone.—The Coconino sandstone near the Bass Trail of 
the Grand Canyon was studied in detail by Noble,!*” and the problems 
associated with its stratigraphy were recently revised by E. D. McKee.!** 
This sandstone is made up of small quartz grains of uniform size, with 
a siliceous cement, and its prevalent color is light-yellow or white. The 
thickness of the sandstone is variable, ranging from 57 feet, as observed 
by McKee, to a probable maximum of 1000 feet (Reeside and Baker). 
At Bass Camp, as measured by Noble, the thickness is 330 feet. Accord- 
ing to the observations made by McKee, the material of which the Coco- 
nino sandstone 1s composed was derived from Mazatzal land. 

The contacts of the Coconino sandstone with the Hermit shale and with 
the Kaibab limestone were carefully studied by McKee. The nature of 
the basal contact varies within comparatively short distances, from that 
of disconformity to that of conformity and gradual transition. 


125 Op. cit., p. 9-11. 
126 Op. cit. 
See also A. C. Seward: Plant life through the ages; a geological and botanical retrospect. Cam- 
bridge (England) Univ. Press (1931) p. 249-251. 
127... F. Noble: op. cit., p. 66-68. 
428 E. D. McKee: The Coconino sandstone—its history and origin, Carnegie Inst. Wash., Publ. 
no. 440 (1933) p. 77-115. 
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Within the major tiers of the sandstone, there are cross-beddings or 
foresettings famous for their tracks and footprints. Besides the foot- 
prints, the surface of the foreset beds bears ripple marks, raindrop im- 
pressions, and other markings.’”° 

According to the writer’s observations, near Seligman the Coconino is 
very thin-bedded and does not show any cross-bedding. 

The studies of McKee made it clear that no fossils of marine origin are 
in any way associated with the Coconino sandstone. 


Kaibab formation.—The Kaibab is a heterogeneous formation not all 
of which is made up of limestone. In typical sections, there is, at the base, 
a magnesian limestone (member D of the stratigraphic column which 
follows) which carries abundant assemblages of small bellerophontids. 
In places, this limestone is underlain by red and yellow sandy beds. 

Above this limestone, there are red and yellow sandstones and sands 
that are apparently, at least in part, of fluvial origin. Concerning these 
rocks, David White remarks: 

The full significance of these poorly cemented sands, which are cross-bedded, 
and which carry travertines in some places, together with conglomeratic fragments 
of limestone, sandstone, and shale derived from older formations, is not yet defi- 
nitely known. Undoubtedly, however, they are due to a movement of uplift 
of the region slightly above sea-level followed by slow sinking, during which these 
red and gray sands were laid down as wash and detritus brought from some higher 
area of erosion, possibly not far distant. The sands are like those of the buff sand- 
stone and the red sands and shales that successively underlie the Kaibab limetone, 
and may have been derived either from them or from common sources.” 

These irregular sands and sandstones constitute member C of the 
column. 

The arenaceous limestone beds immediately above, which in places have 
abundant cherty layers, form member B. The fauna of this member is of 
considerable interest because it was found by the writer also in the south- 
eastern corner of Arizona,?** at the opposite end of the State. There, the 
limestones containing it rest upon the Snyder Hill formation, which in its 
turn is underlain by strata with the Manzano fauna. Since limestone 
beds (Fort Apache limestone) with the same Manzano fauna are found 
within the Supai formation in Fort Apache Indian Reservation, midway 
between the Grand Canyon area and southeastern Arizona, this inter- 
fingering permits interpretation of the Grand Canyon Permian in terms 
of the marine Permian of southeastern Arizona. This fauna of limestone 
member B requires, therefore, a brief discussion. Its outstanding fossil 
is a very large Productus usually described as identical with Productus 


129 For the literature on the footprints, see E. D. McKee: op. cit., p. 106-109. 

130 David White: op. cit., p. 6. 

131A, A. Stoyanow: Notes on recent stratigraphic work in Arizona, Am. Jour. Sci., vol. 12 
(1926) p. 318-319. 
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ivest Newberry. As described and illustrated by Newberry,'** however, 
P. ivesiis a shell of much smaller size, with a different profile. The dorsal 
median ridge, described by Newberry, is marked as a fissure on the dorsal 
valves, even on specimens that are only slightly weathered, and the 
entire shell is relatively less deep and less elongate. The type specimen 
was collected at Diamond Creek. In the Grand Canyon area, Newberry’s 
species is altogether restricted to the vesicular magnesian limestone A 
that overlies the arenaceous limestone B. These two species belonging in 
Dictyoclostus are different, and their separation is necessary. After 
consultation, McKee and the writer agreed that the former should describe 
the larger and older form as D. bassi n. sp., since it is abundantly repre- 
sented at Bass Camp below Fossil Hill. It was this form or a very close 
variety from the Hess and Leonard formations of the Glass Mountains, 
Texas, that R. E. King referred to Productus ivesi Newberry.'** Another 
misinterpreted species, also present in member B and likewise described 
by Newberry, is Productus occidentalis Newberry. McKee drew the 
writer’s attention to the fact that Newberry’s diagnosis includes the fol- 
lowing statement: 

The costae of the sides of the (ventral) valve converging toward the beak unite 
with those of the sinus on the borders of the visceral disk, while the most prominent 
ones bordering the sinus on either side become earlier obsolete in the angle formed 
by the costae of the sinus and those of the sides of the valve; giving to the shell 
a peculiar appearance, perceptible at a glance.™ 

Indeed, the appearance of Productus occidentalis of Newberry, with 
the costae outside the median sinus running at an angle to the costae that 
limit the sinus, is quite distinctive and altogether different from the 
ornamentation of the species identified as Productus occidentalis New- 
berry, by Girty, from the Capitan formation of the Guadalupe Mountains, 
and, by R. E. King, from the Leonard and Word formations of the Glass 
Mountains, Texas.'** In these forms described from Texas, the costae 
are radiating and even sub-parallel in the anterior region. Since the 
Texas form has a longer geologic range, and, in southeastern Arizona, 
is found as low as the Snyder Hill formation, it was agreed that McKee 
should separate it from Productus occidentalis Newberry under a new 
name, Productus (Dictyoclostus) meridionalis.** The difference in the 


132 J. S. Newberry: Geological report, in J. C. Ives: Report upon the Colorado River of the West 
(1861) p. 122, pl. 2, figs. 1-8. 

138 R, E. King: The geology of the Glass Mountains, Texas: Pt. II, Faunal summary and cor- 
relation of the Permian formations, with description of brachiopoda, Univ. Texas, Bull. 3042 (1931) 
p. 69-70, pl. 12, figs. 1-6. 

134 J. S. Newberry: op. cit., p. 122, pl. 2, figs. 9-10. 

133G, H. Girty: The Guadalupian fauna, U. S. Geol. Surv., Prof. Pap. 58 (1908) p. 262-263, 
pl. 12, figs. 4 to 4c. 

R. E. King: op. cit., p. 72-73, pl. 14, figs. 10-14. 

1380 E, D. McKee: The Kaibab limestone and its fauna. In preparation. 
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ornamentation of the costae may be only varietal, yet the true Productus 
occidentalis seems to be very restricted both geologically and geograph- 
ically. Similar ornamentation appears to be present on the ventral valve 
of Productus popei Shumard, as illustrated by Girty. The similarity 
between Productus popei and the form discussed in this paper as Dictyo- 
clostus meridionalis was pointed out by Girty, and differences were found 
to be of only minor nature.**’ In case the two forms are proved to he 
identical, Girty’s varietal name “opimus” will have priority. King, how- 
ever, places both Shumard’s species and Girty’s variety in Marginifera 
and points out the absence of reticulation on the ventral valve of Shu- 
mard’s species.*** 

Other fossils found in member B include Aviculopecten coloradoensis 
(Newberry), Meekella occidentalis (Newberry), M. pyramidalis (New- 
berry) Chonetes permianus Shumard, C. subliratus Girty, Composita © 
guadalupensis Girty, and Squamularia guadalupensis (Shumard). 

Member A, as mentioned above, is a vesicular magnesian limestone, rich 
in gastropods (mostly bellerophontids), lamellibranchs (forms congeneric 
with Allorisma are very abundant), nautiloids, and trilobites (Griffithides) . 
Its guide fossil is the true Productus (Dictyoclostus) invest Newberry. 

Contrary to the wide distribution of the fauna of member B, that of 
member A did not reach southeastern Arizona; its southernmost outpost 
is the present site of the Mogollon rim in central Arizona. 

A synthetic column of the Kaibab formation, prepared for the writer 
by Mr. McKee, is as follows: 


Erosion surface. Feet 
PerMiAn. Kaibab formation: 
A. Vesicular magnesian limestone with Productus (Dictyoclostus) ivest, 
rich in gastropods, pelecypods, and trilobites........................ 50 
Disconformity? 
B. Arenaceous limestone with abundant chert layers. Dictyoclostus bassi, 
D. occidentalis, D. meridionalis, Meekella occidentalis, M. pyrami- 
dalis, Chonetes permianus, C. subliratus, Composita guadalupensis, 
C. Irregularly bedded, mostly fluvial deposits made up of red and yellow 
D. Magnesian limestone with abundant faunas of small bellerophontids. 
Red and yellow sandy beds at 130 
Total thickness of the Kaibab formation........................ 


Unconformity. 
PerMIAN. Coconino sandstone. 


137 G. H. Girty: op. cit., p. 257-259, pl. 20, figs. 9-14. 
138 R, E. King: op. cit., p. 87-88. 
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SOUTHEASTERN AREA 


Beds with Manzano fauna.—As has already been stated briefly in the 
discussion of the Pennsylvanian in the Bisbee area, the older Pennsyl- 
vanian Naco limestone is directly overlain by marine Permian strata, 
also made of limestone. In the Naco Hills, the interesting and excel- 
lently preserved gastropod fauna is easily collected. Unfortunately, how- 
ever, because of the great amount of faulting and the fact that the entire 
Upper Carboniferous of that area is represented by a monotonous lime- 
stone facies, subdivision of geological sections and separation of the 
Permian from the Pennsylvanian within the Naco limestone of Ransome 
are very difficult. 

In the Whetstone Mountains, northwest of the Bisbee area, however, 
the Lower Pennsylvanian massive limestone with the Wewoka fossils 
is overlain by sandstones and shales, nearly 750 feet in thickness, with 
a thin-bedded, bluish-gray limestone, 250 feet thick, at the top. This 
limestone contains the following species, most of which occur im the 
Manzano group*®® of New Mexico: 

Productus (Dictyoclostus) leei Girty, Chonetes ostiolatus Girty, Meekella diffcilis 
Girty, Pugnoides osagensis (Swallow) var., Squamularia perplexa (McChesney), Com- 
posita subtilita (Hall), Orthonema socorroense Girty, Naticopsis deformis Girty, 
Bellerophon majusculus Walcott, Euomphalus aff. pernodosus Meek and Worthen 


(left-hand coiled shells), Nucula levatiformis Walcott, Dentalium mezicanum Girty, 
Plagioglypta canna (White), and Archaeocidaris sp. 


Snyder Hill formation.—In the Whetstone Mountains, above the lime- 
stone with the Manzano fauna, are thin-bedded, black limestone beds 
with a wide array of gastropods, both large and small. Some of the 
forms may be traced to the known “Pennsylvanian” species (Bellerophon 
carbonarius Cox, B. crassus Meek and Worthen, Pharkidonotus percarina- 
tus (Conrad), Ewuconospira taggarti (Meek), Murchisonia terebra 
(White), Euomphalus pernodosus Meek and Worthen, EF. subquadratus 
Meek and Worthen, and Soleniscus planus White) ;**° others are sug- 
gestive of certain forms described from the Guadalupe Mountains; but 
the greater number are of new species and even new genera. Innumerable 
shells of small bellerophontids give a peculiar aspect to these black beds. 
A detailed work on this fauna will reward the labors of any student of 
Paleozoic gastropods. These black limestone beds are placed at the 
base of the Snyder Hill formation, on the basis of their outstanding 
fauna, remarkable also because of the scarcity of brachiopods. They 
can be correlated directly both with the top beds of the Naco Hills of 


139G. H. Girty: Paleontology of the Manzano group of the Rio Grande valley, New Mezico, 
U. 8S. Geol. Surv., Bull. 389 (1909) p. 41-136. 
140 Compare A. A. Stoyanow: op. cit., p. 321. 
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Bisbee and with the limestone underlying the basal Comanche in the 
Little Dragoon Mountains. 

As defined at present, the Snyder Hill formation is a rather empirical 
unit. It has been established that its stratigraphic position is between 
the beds with a Manzano fauna and the strata containing the fauna of 
member B of the Kaibab formation. As yet no area has been located in 
which the entire Snyder Hill formation is present. Its exact thickness is 
unknown, but it is estimated to be between 200 and 500 feet. The type 
locality is Snyder Hill, an isolated hill surrounded by Cretaceous deposits, 
about 10 miles southwest of Tucson. The base of the formation is not 
exposed there. The black limestone beds contain innumerable specimens 
of Composita mexicana (Hall). Girty has identified, from a collection 
made at this locality by Kirk Bryan, a form close to Butonia peruviana 
(d’Orbigny), and R. E. King mentions, from a collection made by Schu- 
chert, Avonia boulei (Kozlowsky), A. rugatula (Girty), Squamularia 
guadalupensis (Shumard), and Camarophoria deloi King. To this list 
should be added Pugnoides shumardianus (Girty), Dictyoclostus meri- 
dionalis McKee, Buxtonia victoriensis King, and the form described by 
King as Productus indicus Waagen which King himself compares to 
Productus occidentalis (Dictyoclostus meridionalis of this paper) 
This larger Productus should be separated from Dictyoclostus meridionalis 
as a variety or even as an independent species, but it does not seem likely 
that it is conspecific with Productus indicus. The latter form has the 
ventral valve more flattened in the umbonal region, which makes a less 
regular longitudinal profile, and the curvature from its visceral region 
toward the lateral margins is rather gentle; whereas the American form 
shows a very sharp angular curve descending to the ears and the lateral 
margins in all but the vertical slope, which makes the transverse profile 
trapezoidal. 

Although the brachiopods of the Snyder Hill all belong to well-known 
species, the gastropods, the greater number of which are new, give this 
formation an unusual aspect. Of nautiloids, small orthoceratids are 
frequent, and lamellibranchs are represented by Myalina of the type 
kansasensis Shumard. The top beds in the type locality are gray lime- 
stones that carry silicified bryozoan reefs. 

About 26 miles northwest of Tucson, southwest of the Santa Cruz 
River, and immediately northwest of the Picacho de Calera Hills, there 
is a small outlier in which thin-bedded limestone layers with Spirifer 
sulcifer Shumard and Productus mexicanus? White are thrust upon 
thicker limestones with typical Lower Pennsylvanian fossils. The writer 


141 R, E. King: op. cit., p. 72. 
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takes this opportunity to stress the fact that a larger form from the 
Manzano fauna, described by Girty as Productus mexicanus Shumard? - 
does not seem to be conspecific with Productus mexicanus? White and 
is much closer to Productus (Dictyoclostus) leet Girty, which affinity 
was discussed by Girty.'*? King tentatively placed White’s species in 
Marginifera. As seen in the Arizona material, the marginiferoid char- 
acters are very incipient in these forms, probably not sufficiently strong 
and constant to warrant their use for discrimination. The relation of 
these beds to the Snyder Hill formation is not known. 


Chiricahua limestone.—Under the term, Chiricahua limestone, are des- 
ignated the youngest Permian beds of southeastern Arizona which have 
the same fauna as is found in member B of the Kaibab formation of the 
Grand Canyon. Darton'** mentions forms referable to Meekella pyra- 
midalis and Productus ivesi (bassi?) collected in close association with 
Manzano fossils at Tombstone. In 1926, the writer’ briefly described 
a limestone that forms the top of the Carboniferous sequence in the 
Chiricahua Mountains near the New Mexico border. The following 
species are abundantly represented in it: Derbya buchi (d’Orbigny), 
Meekella occidentalis (Newberry), M. pyramidalis (Newberry), Geye- 
rella americana Girty (?), Dictyoclostus bassi McKee, D. meridionalis 
McKee, Squamularia guadalupensis (Shumard) Spirifer ex aff. pseudo- 
cameratus Girty (extremely large and gibbous form with a very short 
hinge-line and well-rounded cardinal extremities), and Aviculopecten 
coloradoensis (Newberry). 

The fact that this limestone rests on older Permian limestone beds in 
some localities, and on clastic rocks in others, is suggestive of its trans- 
gressive nature. 

In his recent paper, R. E. King’*® proposes the use of the name, Gym, 
for the Permian of southeastern Arizona, advocates the discarding of the 
term, Manzano group, and discusses the relationship between the fossils 
illustrated in Ransome’s papers on the geology of Arizona and the Per- 
mian species from Texas. Ransome’s pictures do not represent the 
Arizona forms and were borrowed from publications dealing with the 
geology of other States, a widespread and very lamentable practice which 
should be condemned, for such illustrations are altogether worthless to 
the paleontologist, do not help the local miner whose interest in fossils is, 


442G. H. Girty: Paleontology of the Manzano group of the Rio Grande valley, New Mexico, 
U. S. Geol. Surv., Bull. 389 (1909) p. 57-58, pl. 7, fig. 4. 

43.N. H. Darton: A résumé of Arizona geology, Univ. Ariz., Bull. 119, Geol. Ser. no. 3 (1925) p. 71. 
444A, A. Stoyanow: Notes on recent stratigraphic work in Arizona, Am. Jour. Sci., vol. 12 
(1926) p. 318-319. 

M5 R. E. King: op. cit., p. 24-25. 
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as a rule, rather sketchy, and, oftentimes are quite embarrassing and 
misleading to the student. 

Even though it is true that the Permian limestone facies of south- 
western Texas, southeastern New Mexico, and southeastern Arizona, in 
a general way, all grade into shallow-water and continental deposits to 
the north, nevertheless, Permian stratigraphic paleontology, both in New 
Mexico and in Arizona, has not yet reached the stage that warrants 
detailed and direct correlation. 


FORT APACHE INDIAN RESERVATION 


Fort Apache limestone and Kinishba beds.—In his work on the geology 
of Arizona, Darton mentions “a thick member of limestone about 100 
feet below the top of the (Supai) formation” in the Fort Apache Indian 
Reservation area, and states that it carries Manzano fossils.4* This 
limestone is herein described as the Fort Apache limestone. The writer’s 
interest in this locality was aroused by the discovery of slabs that bore 
impressions resembling Callipteris conferta, made by McNary in the walls 
of an old Indian pueblo, known as Kinishba, situated on the bank of a dry 
wash southwest of White River settlement and northwest of Fort Apache, 
at the foot of Kelly Butte. This find suggested the possible presence of 
the Hermit shale within the Salt River basin. A brief reconnaissance 
revealed that the slabs for the pueblo were, indeed, taken from within 
a stone’s throw of the dry wash near which the pueblo was located. 
Surprisingly, however, they came not from the Hermit shale but from the 
basal portion of the Supai formation cut by the dry wash. The impor- 
tance of these plant-bearing layers, designated here as the Kinishba beds 
of the Supai formation, lies in the fact that they occur considerably below 
the Fort Apache limestone, which carries excellently preserved and typical 
Manzano faunas. Their relation to the Hermit shale flora will also 
delimit the time required for the deposition of the Supai, whereas the fact 
that the Supai rests here upon Lower Pennsylvanian limestones is, in 
itself, of considerable interest. Unfortunately, during the reconnaissance 
work the writer was unable to examine the Pennsylvanian-Supai contact. 
This contact, however, appears to be exposed on the White River below 
Fort Apache and, probably, at many other points. 

The upper part of the following section includes Kelly Butte, the flat 
top of which is made of Fort Apache limestone. The strata between the 
Fort Apache limestone and the Coconino sandstone have been removed 
by erosion in this section, but they are well exposed north of White River 
settlement. There, below the Coconino sandstone, occur red, white, and 
yellow sandstones and shales, all cliff-forming, which are underlain by 


148N, H. Darton: op. cit., p. 84-85. 
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Section at Kelly Butte 


A. 400 feet of the Supai formation not represented in this section but found 


in the Plateau wall. 


B. Loose boulders of diabase and members of the Apache group. 
C. Fort Apache limestone. Gray limestone with Meekella diffcilis Girty, 


M. mexicana Girty, Dictyoclostus leet (Girty), D. sp. referred by 
Girty to Productus mezicanus Shumard?, Hustedia mormoni (Mar- 
cou), Pseudomonotis hawni (Meek and Hayden), P. sublaevis Girty, 
Nucula levatiformis Walcott, Bellerophon majusculus Walcott, Eu- 
omphalus aff. pernodosus Meek and Hayden, Naticopsis deformis Girty, 
Orthonema socorroense Girty, Phanerotrema aff. brazoense (Shumard), 
Dentalium mexicanum Girty, Plagioglypta canna (White), and Archae- 


. Pinkish and yellow sandstone and shale forming steep slope........... 
. Pinkish and yellow sandstone and shale forming steep slope............ 
. Limestone, white at the top, gray, shaly with yellow flakes, and very 


. Light-pink calcareous sandstone with buff and white limestone beds at 


Typical red shale of the Supai with gypsum in the upper beds. Slope- 


. Kinishba beds. Pink sandstone and shale with plant remains. Supaia, 


Walchia, probably Brogniartites. According to David White, the re- 
mains, especially the seeds, are of considerable interest, but more 
collecting is necessary before the true nature of this flora can be estab- 


The very base of the Supai and its contact with the Pennsylvanian not 


observed. 


soft layers, about 200 feet thick. The entire thickness of the Supai above 
the Fort Apache limestone is about 400 feet. The flat top of Kelly Butte 
is covered with loose boulders of the Apache group—Barnes conglomerate, 
Dripping Spring quartzite, and Mescal limestone—which fact is of inter- 
est because the nearest outcrops of the Apache beds are about 25 miles 
to the west. 


Feet 


447 Personal communications, January-April, 1934. 


The fauna of the Fort Apache limestone is dominated by numerous 
well-preserved specimens of Pseudomonotis hawni (Meek and Hayden) 
and by a Productus which is larger than Dictyoclostus leei (Girty) but 
smaller than D. hermosanus (Girty). The principal difference between 
this form and the species just mentioned lies in the costae, which are per- 
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fectly straight, not of the irregular nature which is so characteristic of 
the forms previously mentioned. From D. inca (d’Orbigny), with which 
R. E. King identifies D. leei, it differs in having a lesser length, a lesser 
development of the umbonal part of the ventral valve and of the ears, 
a more convex longitudinal profile, and in the fact that the sinus varies 
from shallow to absent. It is quite possible that the form described by 
Girty as Productus mexicanus Shumard? is a smaller specimen of this 
species.1*® This Productus is surely not P. mexicanus of White, and 
should be given another name. One specimen of a large nautilus, found 
loose in the big dry wash between White River settlement and Kelly 
Butte, apparently came from the Fort Apache limestone. It agrees 
better with the typical Temnocheilus winslowi.Meek and Worthen than 
with the form described by Girty**® from the Manzano fauna as T. aff. 
winslowi Meek and Worthen. 

Immediately west of the topographic feature marked as Saw Tooth on 
the maps published by the Arizona Bureau of Mines, which is south of 
Kelly Butte and on the north side of the White River, the Lower Pennsyl- 
vanian limestone (with Campophyllum torquium, Spirifer cameratus, S. 
rockymontanus, and others) is seen beneath the Supai. Within the upper 
part of the Pennsylvanian, there are purplish and greenish shales, about 
15 feet thick, with a conglomeratic bed, one foot in thickness, at the top, 
overlain by thin-bedded shaly limestone and calcareous slabs which also 
contain Pennsylvanian fossils. 

As in southeastern Arizona, the Upper Pennsylvanian is not represented 
here. In northeastern Arizona, northwest of Fort Defiance, Darton’ 
noticed an overlap of the Supai which there rests on the pre-Cambrian 
quartzite. David White’ suggests an unconformity at the base of the 
Supai, probably existing over a large area. This seems to be corroborated 
by the observed facts. 

Whether the red beds with Walchia, found in the Supai northwest of 
Fort Defiance,’** are of the same stratigraphic position as the Kinishba 
beds, can only be surmised at present. In this connection, it should not 
be forgotten that, in the Grand Canyon area, the principal plant-bearing 
beds of the Supai likewise occur within the basal portion of the formation. 


SUMMARY 


In the southeastern part of the State, the Pennsylvanian-Permian 
sequence is all in the limestone facies, indicating the deepest depositional 


48 G, H. Girty: op. cit., p. 57-58, pl. 7, figs. 4, 4a. 
49 Op. cit., p. 113-114. 
150 N. H. Darton: op. cit., p. 85-86. 
151 David White: Letters of December 2, 1933, and January 18, 1934. 
1433N. H. Darton: op. cit., p. 88. 
H. E. Gregory: Geology of the Navajo country, U. S. Geol. Surv., Prof. Pap. 93 (1917) p. 31. 
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area of the State during the Upper Carboniferous. At a comparatively 
short distance north, clastic rocks occur and alternate at intervals with 
the limestones. There, the Lower Pennsylvanian (Naco) and the Per- 


Taste 4—Correlation chart of the Permian of Arizona 


Fort Apache Indian Southeastern 
Grand Canyon Reservation Arizona 
Kaibab formation 
Member A (ivesi fauna) Member A absent 
Member B ae fauna) Absent south of White River | Chiricahua 
Member C (fluviatile deposits) limestone 
Member D (bellerophon fauna) (bassi fauna) 
Snyder Hill 
ormation 
Coconino sandstone Coconino sandstone 
Hermit shale Not located 
Supai formation 7 formation 
ort Apache limestone Beds with 
(Manzano faunas) Manzano fauna 
Kinishba beds 
Unconformity Unconformity Unconformity 
Lower Mississippian 
Redwall limestone Lower Pennsylvanian lime- | Lower Pennsyl- 
stone (Clastic rocks appear vanian _lime- 
to be present near the top) stone, Naco 
sensu _ stricto 


mian (Manzano beds, Snyder Hill formation, and Chiricahua limestone) 
are distinguishable as independent stratigraphic units with individual 
faunas. 

In the east-central part of the State, near Fort Apache, the typical 
Manzano fauna appears within the Supai and about 500 feet above the 
plant-bearing Kinishba beds, the latter being undoubtedly of Permian 
age. The Manzano fauna found in this locality did not necessarily come 
from southeastern Arizona. 

The Chiricahua limestone can be correlated directly with member B 
of the Kaibab formation. 

It is very tempting to compare the basal bellerophon beds of the Snyder 
Hill formation with member D of the Kaibab formation, but the resem- 
blance may be only facial and needs paleontological corroboration. 

Whether the beds with the Manzano fauna, the Snyder Hill formation, 
and the Chiricahua limestone present an uninterrupted marine develop- 
ment with a continuous fauna in the southeastern limestone belt, or 
whether each fauna was introduced at intervals from an outside area, 
only detailed research will show. 
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In the northern, or Grand Canyon, area, Manzano time is represented 
by continental deposits (Supai). The first Permian marine waters with 
a bellerophon fauna appear there after the deposition of the Coconino 
sandstone, in member D of the Kaibab formation, but these shallow-water 
beds give way to land-formed rocks, member C, deposited either under 
the same conditions as the Coconino sandstone or, probably, under the 
influence of a more humid climate. With member B the Dictyoclostus 
bassi fauna was introduced, thus probably marking the widest extent 
of the Kaibab sea, which was connected at that time with the sea covering 
southeastern Arizona. During the deposition of member A, characterized 
by the Dictyoclostus ivesi fauna, the Kaibab sea was again restricted to 
the northern part of the State. 


SUGGESTIONS FOR FURTHER RESEARCH 


Arizona affords a vast field for research both in paleontology and in 
stratigraphy. Recently, much has been done by the Federal Govern- 
ment to make the Grand Canyon something more than a mere recrea- 
tional and scenic park, and the educational value of this work can not 
be overestimated. From the standpoint of systematic research, however, 
it should not be forgotten that geological explorations can not be con- 
fined to limited areas, no matter how carefully studied, and important 
stratigraphic problems can not be solved unless larger regions are sur- 
veyed. Detailed studies of the Paleozoic geology and paleogeography 
of Arizona will doubtless prove very fruitful, yet the Arizona Bureau 
of Mines, which takes the place of a State Geological Survey, can not 
devote much attention to pure geology, and, barring the research carried 
on in the Grand Canyon by the Federal Government, most of the strati- 
graphic work accomplished in the State is a by-product of the studies 
of economic geology in mining areas. Both funds and workers are needed 
to further the progress of geology in Arizona, where field work can be 
done all through the year and where the “geological units” are not con- 
cealed by forest or soil, so that the student may concentrate attention 
directly on collecting and on stratigraphic observations. 

A few problems are enumerated below as logically following the strati- 
graphic research outlined in this paper. 

It may be inferred from perusal of the pages dealing with the Middle 
Cambrian that, although the trilobite faunas of the Grand Canyon and 
southeastern Arizona are different, the assemblages of brachiopods have 
much in common. The brachiopod forms from Arizona, described by 
Walcott, however, need a careful and thorough revision to make them 
practicable for use for stratigraphic purposes. 
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The presence of Maladia and Idahoia, of Eurekia and Iddingsia, in 
the Upper Cambrian of Arizona should stimulate parallel and compara- 
tive studies of the Upper Cambrian trilobite faunas of Nevada and Idaho, 
whereas the gastropods and crinoids found in the Rincon limestone, to- 
gether with its peculiar trilobite faunule, may constitute the subject for 
a far-reaching study aimed at the elucidation of Cambrian-Ordovician 
relations in the Southwest. 

The excellently preserved faunas of Lower Ordovician trilobites, 
brachiopods, and, especially, gastropods of the Clifton-Morenci district 
will undoubtedly provide valuable material for research, especially if it 
is extended into the sections with Ordovician strata in the Dos Cabezas 
Mountains. 

The key to Devonian stratigraphy in the State is to be sought in the 
fossil fish faunas and in the relations between the deep-sea and the 
shallow-water facial alterations. Too much study, both paleontologic 
and stratigraphic, of the Arthrodira found in the Devonian strata of 
north-central Arizona can not be made. The work on these faunas has 
barely been begun, and proper excavations and systematic collecting on 
a large scale will enrich museums with exceptionally well-preserved spe- 
cimens and at the same time throw light on their geographic and geologic 
distribution. Although the remains of Arthrodira are now found only 
west and north of Mazatzal land, probably a search in numerous arena- 
ceous deposits of the Devonian strata in the Sierra Ancha Mountains and 
around Lake Roosevelt would be fruitful. The elasmobranch faunas of 
southeastern Arizona, so closely associated with the invertebrate faunal 
assemblages of the Upper Devonian, should not be neglected. The Iowa 
and eastern Devonian features seen in the Devonian faunas of Arizona 
may be worked out in much more detail. Studies and correlation of 
isolated Devonian outcrops (Temple Butte, Island Mesa, Superior, and 
many others) and their faunas are likewise very desirable. 

The Mississippian faunas of the Grand Canyon should be intensively 
studied, inasmuch as it is easy to collect in the Redwall on the Yaki trail 
of the Grand Canyon. The search for the seaways that connected the 
present location of the Paradise formation with the Mississippi Valley 
should be carried into New Mexico and, probably, even into Texas. 

The Pennsylvanian of central Arizona offers many problems of a 
paleogeographic nature. Study of its relation to Mazatzal land may 
bring out many interesting points. 

Studies of the Pennsylvanian-Permian boundary and of the differen- 
tiation of the Permian units within the limestone belt of southeastern 
Arizona should be continued; detailed work on the relations between the 
Permian of that belt and the continental formations of the north, if based 
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on paleontological, paleobotanical, and paleogeographical observations 
(the gastropod faunas of the Snyder Hill formation and the floras of the 
Supai would provide splendid material for paleontological research), es- 
pecially if coordinated with similar work in New Mexico and Texas, would 
not only produce important contributions to the geology of the Southwest, 
but, probably, would furnish valuable data on the general stratigraphy 
of the Upper Carboniferous. 


University or Arizona, Tucson, Ariz. 
MANUSCRIPT RECEIVED BY THE SBCRETARY OF THE Society, JaNuary 14, 1935. 
AccEPTED BY THE COMMITTEE ON PUBLICATIONS, 1936. 
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EXPLANATION OF PLATE 
1 
DEVONIAN FISHES AND UPPER CAMBRIAN TRILOBITES 


Ficures 1-5.—Plates of primitive Arthrodira from Devonian beds of Mt. Elden 
near Flagstaff, Arizona. (1) Dorsomedian plate, convex, seen from the 
outside. Superficial layers are partially denuded and inferior keel is 
slightly exposed. 2. (2)—Posterior ventrolateral plate. Cast. 2. 
(3)—Anterior ventrolateral plate? Cast. Lateral lines are seen. 
Natural size. (4)—Dorsomedian plate, concave, seen from the inside. 
It shows the inferior keel. %%. (5)—Posterior ventrolatcral plate. 
Cast. Natural size. 


Ficure 6.—Hesperaspis ransomei sp. n. Holotype, cranidium. 
Fiaure 7.—Hesperaspis ransomei sp.n. Holotype, pygidium. 


Ficure 8—Hesperaspis butleri sp. n. Holotype, cranidium. 
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DEVONIAN FISHES AND UPPER CAMBRIAN TRILOBITES 
Figures 1-5. Plates of primitive Arthrodira from Devonian beds of Mt. Elden, near Flagstaff, Arizona, 
Figures 6, 7. Hesperaspis ransomei sp. n. holotype, (6) cranidium (7) pygidium. 
Figure 8. Hesperaspis butleri sp. n., holotype, cranidium. 
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INTRODUCTION 


This study was begun in 1925 with the help of loaned collections from 
various Jurassic localities in the Rocky Mountains and the Great Plains. 
At that time, it was the current notion that the Jurassic formation of 
that region was a deposit of one brief age, and containing only one fauna. 
From the study of the loaned collections it became evident to the author 
that neither of these suppositions was tenable. The evidence invited 
field work, which was begun in 1930, and more field work was done in 
the two years following. The results of most immediate interest are 
those connected with the Wyoming Jurassic, and they are, therefore, 
made the subject of this report. Under the heading, eastern Wyoming, 
is included a section in Fall River County, South Dakota, and the 
western Wyoming (Yellowstone) material includes sections from adjacent 
areas in Montana. 


PROBLEMS OF THE JURASSIC 


The Jurassic strata of eastern Wyoming, which contain “Cardioceras” 
sp., Camptonectes bellistriatus, Gryphaea nebrascensis, and others, have 
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seemed, from the paleontologic evidence, to be of a different age from 
those of western Wyoming, which contain “Quenstedticeras” sp., “Tri- 
gonia” montanaensis, Gryphaea planoconveza, and others, though the two 
correspond in a general way, and formerly were regarded as equivalents. 
However, it became evident that the “Cardioceras” faunas were of 
Argovian age; the “T'rigonia” montanaensis, Callovian. No stratigraphic 
work of sufficient exactitude to show the true nature of the correlation 
between the Jurassic rocks of eastern and of western Wyoming has been 
published. 

The “Cardioceras” beds of eastern Wyoming have yielded, apparently 
from one stratum, ammonites of the family Cardioceratidae of several 
different ages. Most of these ammonites have commonly been referred 
to one genus, Cardioceras. It seems to the writer that only a very few 
of them—namely, the group of C. distans—actually belong to this genus. 
The great majority belong to other genera, related to, but more advanced 
in development than, Cardioceras. For instance, C. whitfieldi falls into 
Anacardioceras; C. auroraense into Galecardioceras; “Quenstedticeras” 
subtumidum into Goliathiceras; C. whiteavesi into Vertebriceras. In 
Europe, species of these genera, except the first two mentioned, occur 
not together but in separate successive strata, all of them being higher 
stratigraphically than Cardioceras itself. If in America they occurred 
together, it would be rather surprising, and certainly worthy of investiga- 
tion. The geological literature bearing upon the eastern Wyoming locali- 
ties offers no clue to the solution of this problem. 

The typical western Wyoming Jurassic faunas have seemed to include 
at some places incongruous elements of eastern Wyoming affinity, such 
as “Cardioceras” cf. distans, Camptonectes bellistriatus, Gryphaea ne- 
brascensis, and others. The sporadic occurrence of these incongruous 
elements has been very puzzling to one attempting exact correlations. 
Such information as had been published neither aided correlation nor 
explained the irregular and unexpected fossil occurrences. 


STRATIGRAPHIC RESULTS 
GENERAL STATEMENT 


A number of measured sections are presented herewith to illustrate 
the stratigraphy of the two principal regions under consideration, eastern 
and western Wyoming. It will be seen that each section tells an inde- 
pendent story, no two being exactly alike. A system of lettering has 
been employed, in order to provide a means of carrying approximate 
equivalence of beds from one section to another. Strata are designated 
by two letters, an initial capital to denote the region, and a second small 
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letter to indicate stratigraphic position. The capital B is used for eastern 
Wyoming; Y for western. The small letters run from bottom up—that 
is, the basal bed is a. In eastern Wyoming there seems to be nothing 
corresponding to the lower part of the western Wyoming sections—i.e., 
to beds b to i—hence, stratum a is followed in the eastern sections by 


stratum j or k. 
EASTERN WYOMING SECTIONS - 
Section between Carlile and Belle Fourche River 
Overlain by Cretaceous sandstone 
Feet 
BI, m. Yellowish-gray shales with aoe shell, and concretion beds........... 30 
Ps us curta (Hall) 
Camptonectes bellistriatus Meek and Hayden 
Pelecypoda, many species, mostly broken shells 
Galecardioceras sp. 
Goliathiceras sp. 
Cawtoniceras prionodes sp. n. 
Cardioceras distans Whitfield 
Pachyteuthis ‘‘densus’’ (Meek and Hayden) 
Belemnopsis sp. 
Sandstone and shale in thin 30+ 


Base of Jurassic lies below river level. 


Section near Red Canyon southwest of Matias Peak, Fall River County, South Dakota 


Bn. 


Bm. 


Bl. 


Overlain by Cretaceous sandstone ‘s 
‘eet 
Pseudomonotis curta 
Pachyteuthis “‘densus”’ Mok and Hayden), broken and worn 
Sandstone, cross-bedded and 16 
eudomonotis curta (Hall) 
Gray shale with small clay concretions... .. 1 


Pseudomonotis curta (Hall) 

Camptonectes extenuatus Meek and Hayden 
Tancredia inornata Meek and Hayden 
“Panopea’’ subelliptica Meek and Hayden 


Resting on Triassic red shales. 
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Section on Litile Medicine Bow song 3 miles above junction with the main Medicine 


Bm. 


Bl. 


Bk. 


Ba. 


Bow, Carbon County' 


Overlain by Cretaceous sandstone , 
eet 

Variegated red and green shales, ill-exposed..................00000005 80 

Pseudomonotis curta (Hall) 
Yellowish-gray shale with concretions.................++eseeeeeeeeee 15 

Ps is curta (Hall) 

Trigoniid, sp. indet 

Astarte dacotensis Whitfield and Hovey 

Pelecypoda indet. 

Galecardioceras auroraense (Reeside) 

Goliathiceras suspectum (Reeside) 

G. subtumidum (Whitfield and Hovey) 

G. cf. latum (Reeside) 
Gray shale with belemnite layer about middle........................ 90 

Pach is “‘densus”’ (Meek and Hayden) 

Resting on Triassic red shale. 


Section at east end of Freezeout Hills, 14 miles north of Medicine Bow, Carbon County 


Bm. 


Bl. 
Bk. 


Overlain by Cretaceous sandstone and conglomerate 


Feet 

Sandstone with few concretions. ................cccccececcccceeeees 2 
Shale, including hard dark-green tuff(?) bed.................0eeeeeee 10 
20 
Sandy concretion bed with shells................ 1 

seudomonotis curta (Hall) 
Ostrea nigrimontana sp. n. 
Shale with thin ironstone concretion at base.................00000005 4 
Shale with large ironstone concretions at top and bottom.............. 15 
Resting on Triassic red shales. 
Section on west side of Rawlins Uplift 
Overlain by Cretaceous sandstones and shales . 

eet 


1 Noted by J. B. Reeside, Jr. [Some American Jurassic ammonites of the genera Quenstedticeras, 
Cardioceras, and Amoeboceras, family Cardioceratidae, U. S. Geol. Surv., Prof. Pap. 118 (1920)] 
as SW. % sec. 13, T. 23 N., R. 79 W. 
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Feet 
Bk, 1, m. Gray shale with few concretion bedS................0ceeeeeeeeeees 55 


Pachyteuthis “‘densus” (Meek and Hayden) 
Bj. _‘ Fine-grained, pale sandstone, mostly cross-bedded and of rounded grains. 80 


Resting on Triassic red shale. 


SUMMARY OF EASTERN WYOMING JURASSIC 


MorRISON FORMATION: sandstone at base, variegated green and pink shales and 
sandstones above; total thickness, 90-215 feet. (Bn.). 
Fauna: mainly freshwater and land reptiles. Marine mollusks occur at one locality 
(Red Canyon, South Dakota) in middle beds: 
curta (Hall) 
Ace: mid-Upper Jurassic. 
UNKPAPA FORMATION: Unfossiliferous sandstone; thickness, up to 100 feet east of Black 
Hills, but not extending west of hills. 


SUNDANCE FORMATION: 
Upper part: yellowish-gray shales, with beds of sandstone, shells, and concretions; 
thickness, 15-30 feet. ‘BL, Bm.) 
Fauna: several marine faunas, mainly molluscan, not as yet analyzed, but plainly 
of various successive mid-Upper Jurassic dates: 


REPRESENTATIVE SPECIES PROBABLE DATE 
4. Cawtoniceras prionodes sp. n. Perisphinctean, ——————. 
3. rea whiteavest Cardioceratan, Vertebriceras. 
Reeside 

2. Goliathiceras subtumidum Cardioceratan, Goliathiceras. 
(Whitfield and Hovey) 

1. Galecardioceras auroraense Cardioceratan, excaratum. 
(Reeside) 


With the ammonites occur many pelecypods: 
Pseudomonotis curta (Hall) 
Pinna jurassica Whitfield and poy 
Camptonectes bellisiriatus Meek and Hayden 
Ostrea nigrimoniana sp. n., olim Ostrea strigilecula auct., non 

O. strigilecula White 
‘phaea nebrascensis Meek and Hayden 

“Trigonia’”’ conradi Meek and Hayden 
“Trigonia” poststriata Whitfield and Hovey 
“Trigonia” sturgisensis Whitfield and Hovey 
Pleuromya newtoni Whitfield 
Neaera longirostra Whitfield 
Astarte dacotensis Whitfield and Hovey 
Tancredia inornata Meek and Hayden 
“‘Panopea”’ subelliptica Meek and Hayden 


SUNDANCE FORMATION: 

Middle part: gray shales; thickness, 50-80 feet. (Bk. 

Fauna: marine mollusks, most abundantly preserved about the middle of the deposit: 

Cardioceras distans (Whitfield) 
Pachyteuthis ‘“‘densus’’ (Meek and Hayden) 

Age: Cardioceratan, cardia. 

Lower part: pale, cross-bedded, sandstone, unfossiliferous, partly of windworn material, 
mainly of fluviatile origin, varying from coarse-grained in Black Hills region to 
fine-grained in central Wyoming, includes also some pink and green shales; total 
thickness, 15-170 feet. (Ba, Bj.) 


i 


Yn. 


Yl. 


Yj. 


Yg. 


Yf. 
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WESTERN WYOMING (YELLOWSTONE) SECTIONS 
Section on west side of Lower Canyon of Yellowstone River, Montana 


Overlain by Cretaceous sandstone, conglomerate, and other types of sediment 


Kall tow (Whitfield) 
iri ia myrina 
Camptonectes pertenuistriaius Hall and Whitfield 
Ostrea nigrimontana sp. 0. 
Concealed, probably red shale from appearance of soil................. 18 


Sandstone, with many shells and fragments.................0.ceeeees 11 
Kallirhynchia myrina (Whitfield) 
Oxytoma wyomingensis Stanton 
Camptonectes pertenuistriatus Hall and Whitfield 
Ostrea nigrimontana sp. n. 
Ostrea sp. indet. 
Concealed, covering red shale of other sections.................00e005 50 
Cam sp. indet. 


Pleuromya aff. subcom: 
weedi Stanton 
‘apillimya ca: ‘era sp. n. 
Astarte meeki Stanton 
Gervillia montanaensis (Meek) White 


G iformis White 
Trigonia americana (Meek) White 
Astarte meeki Stanton 


Pleuromya aff. subcompressa (Meek) White 
Pinna = indet. 
Myalina cf. perplana Whitfield 
Gervillia cf. montanaensis (Meek) White 
G. ef. dolabrata sp. n. 
Camptonectes distans Stanton 
C. platessiformis White 
Osirea cf. strigilecula White 
Trigonia americana (Meek) White 
Pleuromya subcompressa (Meek) White 


546 
Feet 
= 
Yk. 
Yi. 
Gervillia aff. dolabrata 
Pinna sp. 
Camptonectes sp. 
Ostrea sp. 
|| 
Modiolus sp. 
Camptonectes distans Stanton 
Myalina perplana Whitfield 
Cam distans Stanton 
C. iformis White 
Arctica sp. 
Ye. 
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White 


sp. indet. 
Gram: sp. 
G. cf. sil Whi 
r t 
G. op 


Entolium leachii McLearn 


Cam distans Stanton 

C. platecevformis White 

Pycnodonta cf. planoconvexa Whitfield 
White 


Ostrea st 


sp. 
Trigonia americana (Meek) White 
“‘Scaphogonia’’ montanaensis (Meek) White 
— subcompressa (Meek) White 


montanaensis (Meek) White 
“Anatina” cf. punciata Stanton 
Astarte meeki Stanton 

Arctica aff. cinnabarensis Stanton 


Archaeodon sp 


Ashcroftia livingstonensis McLearn 
Gervillia montanaensis (Meek) White 
G. dolabrata 


Camptonectes distans — 
Ostrea strigilecula 
americana (Meck) White 
ensis (Meek) White 
Lima me cinnabarensis Stanton 
Modiolus cf. frankensis McLearn = M. subimbricata White? 
Pleuromya subcompressa (Meek) White 
Trichomya amphitrite sp. n. 
Thracia weedi Stanton 
Th. sp. indet. 
Astarie meeki Stanton 


sp. indet 
sp. indet 

Peltoceras sp. indet. 
Ybb. Buff platey limestone and limey shale.....................ccceeacees 


Below this comes the Quadrant quartzite of Paleozoic age. 


2C. A. White: Contributions to invertebrate paleontology, no. 7; Jurassic fossils from the western 
territories, U. 8. Geol. Geog. Surv. Terr. (Hayden), Ann. Rept. 12, pt. 1 (1883) pl. 37, fig. 2b. 


547 
Feet 
10 
Cypricardia sp. 
oda, sp. indet. 
Eutrephoceras sp. 
Ataxioceras sp. 
““Spinikosmokeras’’ sp. 
4 
6 
Arctica id 
30 
30 
24 
1 
4 


Ym. 


Ygl. 
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Section at Devil’s Slide, Cinnabar Mountain, Montana 
Overlain by Cretaceous sandstone and conglomerate 7 
ee’ 


~ green and gray shales, with some sandstone beds: the “fresh-water” 
ia, fragments 


Cypricardia haguei Stanton 
Pelecypod indet. 


Gervillia sp. indet. 

Camptonectes sp. indet. 

Modiolus sp. indet. 

“Scaphogonia’’ sp. n. 

Pleuromya weberensis Meek 

P. hectica sp. n. 

Pholadomya kingit (Meek) White 

Homomya gallatinensis Stanton 

“Anatina”’ sp. 

Cypricardia haguei Stanton 

Arctica sp. 

Arctica cinnabarensis Stanton 

“Dosinia’” sp. 

Neritina wyomingensis Stanton 

Cerithium sp. 

Probably, Trigonia elegantissima (Meek) Stanton belongs in this list, 
though no specimen was found. 


Lima cinnabarensis Stanton 
Pleuromya weberensis Meek 


P. hectica sp. n. 
P. autolycus sp. n. 


P. ya inaequi Stanton 
Pelecypoda indet. 

Entolium cf. leachit McLearn 

Pleuromya weberensis Meek 

Lioplacodes veternus Meek and Hayden 


Greenish shale (corresponds to red shale of Gallatin Mountains section).. 39 
Section interrupted by a great sill of diabase, 25 feet thick. 


distans Stanton 
Pycnodonta cf. planoconvexa Whitfield 


548 
Kallirhynchia myrina (Hall and Whitfield) 
| 
Yk. 
Yk. 
Pentacrinus, fragments 
Myalina lana Whitfield 
| 
| 
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Feet 
Ycl-el. Dark shale, with 3 prominent calcareous ~_— top, middle, and bottom. 20 
Pleuromya cf. subcompressa (Meek) Whi 

Astarte morion sp. n. 

Neritina wyomingensis Stanton 

Proplanulites Aff. koenigi (Sowerby) 

Camptonectes sp. indet., punctata 


sp. 

planoconvexa Whitfield 
ona subcompressa (Meek) White 
Homomya sp. indet. 


Ybb. Fine, dark-gray shale with thin limestone beds......................- 14 
Interrupted by diabase sill, 10 feet thick. 


Lying on Triassic red and green shales. 


Section in Fan Creek Pass, immediately north of Joseph Peak, Yellowstone Park; 
known also as Head of South Fork of Gardiner River 


Overlain by Cretaceous sandstone and conglomerate 


Kallirhynchia myrina (Hall and Whitfield) q 
Pinna sp. indet. q 
pertenuistriatus Hall and Whitfield 
., fragments 
nites”’ sp. indet. 
YL Very soft, light green-gray 42 
Pinna cf. jurassica Whitfield and Hovey 
Camptonectes stygius White 
Gryphaea nebrascensis Meek and Hayden 
Vaugonia sp., a young of V. quadrangularis Hall and Whitfield 
“Scaphogonia’ 
Pleuromya Meek 
P. hectica sp. 
kingit (Meek) White 
Arctica cinnabarensis Stanton 
haguet Stanton 
sp. indet. 
“Goliathiceras”’ sp. 
““Anacardioceras’’ sp. i 
Pachyteuthis “‘densus”’ and Hayden) 
Yh1-i. limestone beds alternating with gray 23 
Mytilus sp. indet. 
Pleuromya sp. indet. 
Astarte meeki Stanton 
Ybb-el. ~—- layers of soft shale and hard limey beds................6+. 
am sp. 
Gervillia dolabrata sp 
Camptonectes 
Modtolus sp. indet. 
Vaugonia sp. indet. 
Pleuromya subcompressa (Meek) White 


f 
Ya. Dark gray, hard sandstone, containing much rounded (wind-polished) a 
Feet 
4 
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Feet 


Pholadomya aff. inaequiplicata Stanton 

Thracia montanaensis (Meek) Stanton 

Thracia weedi Stanton 

Nerinea 

uae indet., many small ornamental species 
Atazxioceras sp. 


Gryphaea sp. 
Pleuromya cf. subcompressa (Meek) White 

Ya. Gray-green siltite or very fine sandstone....................00000eeee 90 
. Resting on Triassic red shale. 


Section on north side of Fawn Pass, Gallatin Mountains, Yellowstone Park 
Feet 


allirhynchia myrina (Hall and Whitfield) 
sp. indet. 
of porphyry, 50 feet thick. 


Grammatodon sp 

cf. leachii McLearn 
sp. 

Gryphaea nebrascensis Meek and Hayden 

sp. 2. 

Pleuromya weberensis Meek 

Pholadomya kingit (Meek) White 

ypricardia haguei Stan 

Corbula sp. 

A partial section, inserted to illustrate the o occurrence of certain 

species not collected from other sections. 


SUMMARY OF THE JURASSIC OF THE YELLOWSTONE REGION 


Morrison(?) FORMATION: red, green, and gra menage tery some sandstone beds; total 
thickness, 240 feet. Discontinuous, and, hence, absent from some sections. ‘(Yn.) 
Fauna: a recurrence of the Kallirhynchia myrina fauna in these upper beds in the 
Lower Canyon of the Yellowstone. — 
Ace: mid-Upper Jurassic, Kimmeri 


SuNDANCE (formerly Upper Ellis) 
Upper Sundance (Myrina sandstone): gray sandstone weathering yellow inclu 
some shale ae total thickness, 20-60 feet. (Ym.) : 
Fauna: Pentacrinus sp 
Kallirhynchia myrina (Hall and Whitfield) 
Camptonectes mega Hall and Whitfield 


- 

550 

ee Pycnodonta planoconvexa Whitfield 

# 

| 

“Belemnites” sp. 

Ace: mid-upper Jurassic, late Argovian or Kimmeridgian. 

ee Middle Sundance (Kingii shales): soft, gray shales, with an oolite bed at the base; 

total thickness, 19-43 feet. (Yk.-Y1.) 

a Fauna: Pinna cf. jurassica Whitfield and Hovey 

— Gryphaea nebrascensis Meek and Hayden 

Camptonectes stygius White 

“Scaphogonia’’ sp. n. 

Pleuromya weberensis Meek 
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P. hectica sp. n. 
P. autolycus sp. n. P 
inaequiplicata Stanton 

P. kingit (Meek) ite 

Homomya gallatinensis Stanton 

Neaera trostra Whitfield 

Arctica cinnabarensis Stanton 

Cypricardia haguei Stanton 

Anacardioceras sp. 

Goliathiceras sp. 

Pachyteuthis ‘“densus’’ (Meek and Hayden) 
mid-Upper Jurassic, Cardioceratan. 
— : Sunoanee (red shale bed): red, or in places green, shale; total thickness, 27-60 

eet. j. 

Fauna: none. A marked faunal hiatus. 


Etuis FORMATION (formerly Lower Ellis) 
well-bedded limestones, shales, and oolites; thickness, 73-93 
eet. c.- Yi. 
Fauna: three distinct though overlapping successive fauna: 
Capillimya capillifera sp. n. 
Trigonia americana (Meek) White 
“Scaphogonia” montanaensis (Meek) White 
Capillimya capillifera fauna, mostly in upper 40 feet 
Myalina perplana Whitfield 
Cam: distans Stanton 
Cc. White 
Capillimya capillifera sp. n. 
Ace: early Upper Jurassic. 
Trigonia americana fauna, mostly in middle part of formation 
Gervillia ef. sparsilirata Whitfield 
Entolium leachit McLearn 
Trigonia americana (Meek) White 
Goniomya montanaensis (Meek) White 
“Anatina’” cf. punctata Stanton 
Astarte meeki Stanton 
Arctica aff. cinnabarensis Stanton 
Lyosoma powelli White 


early Upper Jurassic. 
“‘Scaphogonia”’ montanaensis fauna, in lower part of formation 
Ashcroftia cf. livingstonensis McLearn 
Gervillia montanaensis (Meek) White 
G. dolabrata sp. n. 
Pinna kingii Meek 
Ostrea strigilecula White 
“‘Scaphogonia’’ montanaensis (Meek) White 
Pleuromya subcompressa (Meek) White 
Trichomya amphitrite sp. n. 
Arctica iddingst Stanton 
Peltoceras sp. 
Aas: early Upper Jurassic. 
Lower part: gray shales with a few soft, platy, rather inconspicuous limestones; 
thickness, 28-80 feet. (Yb.-Ybb.) 
Fauna: Pycnodonta planoconvera Whitfield 
Age: early Upper Jurassic. 
Basal part: Fine- to very fine-grained, dark-gray to green-gray sandstone or siltite; 
thickness, 20-60 feet. (Ya.) 
Fauna: none 
Aag: Jurassic. 


2 
utrephoceras sp. Se 
Ataxioceras sp. 
Proplanulites cf. koenigi Sowerby ee 
4 
| 
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SUMMARY OF CORRELATION 
CENTRAL AND EASTERN 


YELLOWSTONE REGION WYOMING 
Z 
az, 

as 

Za 

Zz [ Morrison(?) formation, Morrison formation, 

5 recurrent K. myrina. (Yn.) recurrent Ps. curta. (Bn.) 

formation, Upper Sundance formation 

(Ym.) Pa, curta Cawtoniceras, ‘ 

iathiceras (B1.-Bm.) 
re oliath: hiceras, 
< =“ ‘densus’’. 
k. “YI. ) Middle Sundance formation, 
5 Cardioceras distans, 
Pachyteuthis “densus”. (Bk.) 
m|< Lower Sundance formation, _ <> Lower Sundance formatio 
1 (red shale) (Yj.) (sandstone and red shale 
‘a (Ba?-Bj.) 


DIVESIAN 


Upper Ellis formation, (Ybc.-Yi. 
2 


T. americana, Proplanulites 
((Ye.-Ye.)) 
montanaensis, as. 
((¥e.)) 
3 | Lower Ellis formation, (Yb.-Ybb.) 
P. planoconvexa. 
Basal Ellis formation, , 


(sandstone) (Ya.) 


STRATIGRAPHIC CONCLUSIONS 


The basal bed of the Jurassic system in Wyoming is a sandstone, very 
different in different places. For purposes of correlation in this report, 
it has been designated Ba in eastern Wyoming, Ya in western. It is not 
certain, of course, that the bed Ba corresponds in any real way to Ya. 
Possibly Ba corresponds to the series Ya-Yj. Unfortunately, this basal 
bed is without fossils; hence, this matter lies beyond the reach of the 
present inquiry. At least it can be stated that the continuity of this 


e 
1 
i; 
; 
i 
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basal bed in each region suggests strongly that it lies above the Triado- 
Jurassic disconformity. In its continuity, this bed is markedly different 
in character from the Triassic redbeds. Both considerations indicate that 
the sandstone is the basal bed of the Jurassic. 

The faunas of the Ellis formation are decidedly distinct from, and 
much earlier than, those of the Sundance. They are not Middle Jurassic, 
as Hyatt thought, “Trigonia” montanaensis being not a true species of 
Scaphogonia, but an early Upper Jurassic development of similar appear- 
ance but very different ontogeny. They are not “Oxfordian,” as later 
workers have suggested, the typical ammonites, Peltoceras, Proplanulites, 
being very definitely of early Upper Jurassic or Callovian age. Reeside’s 
report of an occurrence of Cardioceras cf. distans in an Ellis fauna in 
southeastern Utah was long a puzzle. Now, Reeside has kindly intimated 
to the writer that his identification is wrong. 

As regards the zoning of the Ellis formation, it may be that, here and 
there, species are quoted from zones in which they do not truly occur. 
If this has happened, it is because the zone has yielded a form barely 
distinguishable from the species—an eventuality quite to be expected in 
series like Camptonectes, in which evolution has hovered, so to speak, 
about an average conformation, and has produced little that is distinctive. 

There are four successive faunas in the Ellis formation. All are of 
early Upper Jurassic age. All seem to be utterly distinct from other 
North American faunas of the same age, except one in the southern 
Rocky Mountains of Canada. All are loosely comparable with Mexican 
and southern European faunas. This in itself is a remarkable circum- 
stance, because, as far as is now known, the only early Upper Jurassic 
marine connections in the North American interior were in the north. 
The faunas of North America are distinctly boreal, constituted mainly 
of abundant ammonites of the three families: Cardioceratidae, including 
Cadoceras and Paracadoceras; Macrocephalitidae, including Lilloettia, 
Metacephalites, and others; and Kosmoceratidae, including Seymourites, 
Yakounoceras, and others. 

The term, Sundance formation, is here introduced into western Wyo- 
ming upon recognition of its faunas there. Especially in the Yellowstone 
region, these faunas occur in strata sharply distinct from the underlying 
Ellis formation. The faunas, too, are entirely different from those of 
the Ellis. Curiously, the main body of the pelecypods in the fauna is 
distinct from those of the same age in eastern Wyoming. Nonetheless, 
certain distinctive species, in addition to the ammonites and one belem- 
nite, are common to both. The Sundance of western Wyoming is readily 


2 James Gilluly and J. B. Reeside, Jr.: Sedimentary rocks of the San Rafael Swell and some 
adjacent areas in eastern Utah, U. S. Geol. Surv., Prof. Pap. 150-D (1928) p. 75. 
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divisible into three members. The lowest of the three is a red shale 
bed without fossils; it may well correspond to a similar bed of the 
comparable stratigraphic position in eastern Wyoming. The middle 
member, mainly of dark gray shales, contains the typical fauna. The 
upper member, mainly sandstones with coquina beds, contains a peculiar 
fauna, of which the most distinctive element is the brachiopod, Kalli- 
rhynchia myrina. 

In eastern Wyoming, also, the Sundance formation is divisible into 
three parts, though these do not correspond to those which appear in 
the western Wyoming section. The lower division, or member, has 
already been referred to as the basal sandstone of the Jurassic System. 
It has no fossils. The middle member contains a sparse fauna, consisting 
mainly of ammonites of the genus Cardioceras. These forms, including 
C. distans and similar species, are the only true species of that genus 
so far found in North America. The date is Cardioceratan, cardia, in 
terms of the chronology brought together by Buckman. The species 
are quite distinct from, and notably earlier than, the main body of the 
so-called “Cardioceras” fauna, which consists, not of Cardioceras in the 
proper sense, but of more elaborately developed genera of the same 
family. Nothing was found in western Wyoming definitely correspond- 
ing to this middle member or its fauna. The upper member is a “con- 
centrated” deposit—that is, one from which, in the course of deposition, 
much sediment was sorted out and carried away, leaving the shells of 
several successive ages commingled in one stratum. The fauna consists 
mainly of pelecypods, but also includes ammonites of four distinct ages 
mixed confusedly together. These ammonites ought to be separable 
stratigraphically, though no place has yet been found where a clear sep- 
aration can be made. Species belonging to the earliest of the four ages— 
that is, to the excavatum date, for instance, Anacardioceras whitfieldi 
Reeside, A. perrini Crickmay—are very common in Wyoming and else- 
where. Ammonites of Goliathiceras date are rare or unknown on this 
continent except in eastern Wyoming. They include such forms as 
“Quenstedticeras” subtumidum and a number of similar species which 
have been much misplaced systematically and chronologically, the au- 
thor‘ in his “Jurassic history of North America” having been in gross 
error in dating these as pre-Cardioceratan. They are very definitely 
later, not earlier, than Cardioceras. The third date discernible is that 
marked by “Cardioceras” whiteavesi and similar species, all of which are 
of more elaborate ornament. These are not common, but, nonetheless, 
are widely distributed from Wyoming to Alaska. Finally, the recogni- 


*C. H. Crickmay: Jurassic history of North America; its bearing on the development of con- 
tinental structure, Am. Phil. Soc., Pr., vol. 70, no. 1 (1931) p. 15-102. 
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ton of a species of Cawtoniceras, in the course of this study, reveals 
deposits of a date not hitherto suspected. 

It is appropriate here to make a note on the common belemnite of 
the Sundance formation, hitherto known as Belemnites densus, and re- 
ferred to in this work as Pachyteuthis “densus.” Belemnites, in the 
proper sense, is a Lower Jurassic genus from which densus differs in sev- 
eral fundamental characters. The species belongs plainly in Pachyteu- 
this. Unfortunately, the specific name is preoccupied by B. densus Simp- 
son 1855, and, therefore, needs replacing. The date of this belemnite is 
Cardioceratan cardia. Possibly it lived longer, though this is uncertain, 
as the specimens in later deposits are all wave-worn and obviously 
reworked. 

The Morrison formation, long regarded as probably Lower Cretaceous, 
proves to be definitely of Upper Jurassic age, for it contains, even though 
only in a single thin bed about the middle of its thickness, marine species 
common to the Sundance. The name, Morrison, is introduced tentatively 
into western Wyoming for the beds overlying the Sundance in that region, 
and resembling lithologically the true Morrison of Colorado and eastern 
Wyoming. In western, as in eastern, Wyoming there is a thin marine 
bed amid supposedly fresh-water deposits, and this bed contains a recur- 
rence of the Sundance fauna. 


NEED FOR FURTHER RESEARCH 


There is great need for more measurement and description of local 
sections. Each section tells an independent story, there being no such 
thing in nature as a standard “column.” There are many fine ones yet 
to be described before it is possible to complete the picture which has 
been attempted in this paper. 

It is desirable, in order that correlation in general may be aided, that 
some effort should be directed toward improving and adding to the local 
chronological scheme brought together in this article. This scheme is 
to be brought nearer to perfect completeness, as new sections are de- 
scribed, by attention to the “patchwork” method of working out chro- 
nology, developed by the late 8. S. Buckman, and employed in a limited 
way, in this study. 

Some puzzling questions are left unsolved: the zoogeography of the 
Ellis fauna; the rarity in general of the Goliathiceras fauna, compared 
with its abundance in the Sundance formation of eastern Wyoming; the 
wide faunal discrepancy in the Sundance formation between eastern and 
western Wyoming, between correlative and not widely separate faunas. 
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SPECIOGRAPHY 


Class PELECYPODA 
Family ISOGNOMONIDAE (olim Pedalionidae, Pernidae, etc.) 


Genus GERVILLIA Defrance 


Gervillia dolabrata sp. n. 
(Plate 2, figure 6) 


Description—Shell, very narrow, high, very oblique; beak, subcentral-anterior, 
thin, high; ears, small, subtriangular; anterior ear, distinctly developed; posterior 
ear, short; hinge-line, short; disk, of the form of a high steepsided ridge with 
narrow flat top; surface, smooth except for fine growth-lines and a few fine ripples 
across the culmen of the disk. Five small square ligament-pits lie posterior to the 
beak; two or three rather indistinct pits lie anterior to the beak. 


Dimensions: Mm. Deg. 
Beak to postero-inferior extremity.................. 79 
Angle, hinge to elongation of disk...................... 42 


Comparable species —G. linearis Hyatt. 

Locality —West side of Lower Canyon of Yellowstone River. 

Zone—15 feet above base of upper part of Ellis formation, associated with 
“Spinikosmokeras” sp. 


Family OSTREIDAE 


Genus OSTREA Linnaeus 


Ostrea nigrimontana sp. n. 
(Plate 3, figures 6 and 7) 


= Ostrea strigilecula Auct., non White. 
= (?) cone strigilecula Logan 1900, Kansas Univ. Quart., vol. 1, no. 3, pl. 28, 
gs. 1-6. 


Description—Shell, small, highly irregular in shape, commonly oblique pyriform; 
shell-substance, thin; left valve, tending to high convexity, in many specimens 
truncated strongly by the attachment; right valve, flattish, inclined to have hum- 
mocky irregularities. Ligament area, broad, low, of low relief. 

Distinction —Differs from O. strigilecula White in its rather featureless ligament 
area, shell contour and its irregularity, thinness of shell-substance, etc. O. strigilecula 
is illustrated in Plate 3, figures 4, 8, 9, for comparison. 


Dimensions: mm. mm. 
17 22 
Diameter, left valve only. ..................000cc000% 7 11 


Locality —24 miles northwest of Sturgis, South Dakota. 
sy anal part of Pseudomonotis curta zone, associated with Pseudomonotis 
curta only. 


Family PLEUROMYACIDAE 


Genus PLEUROMYA Agassiz 
Pleuromya subcompressa (Meek) White 
(Plate 1, figure 6; Plate 2, figures 5, 12; Plate 3, figure 10) 
Meek: Geol. and Geog. Survey Terr. (Hayden Survey), 6th Ann. Rept. (1873) p. 472. 


White: Geol. and Geog. Survey Terr. (Hayden Survey), 12th Ann. Rept. (1883) 
p. 151, pl. 38, figs. 5b-5d. 
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Not of Meek: Geol. Survey 40th Paraliel (King Survey), Final Rept., vol. 6, pl. 12, 
figs. 6, 6a. 

Description—Shell, markedly wedge-shaped from both anterior and dorsal views; 
beaks, somewhat anterior; umbones, prominent; sides, flattish, with faint trace in 
some specimens of a radial concavity below the umbones; inferior margin, rather 
straight; surface, marked by growth-lines and very irregular weak concentric plicae. 


Dimensions: Mn. 


Notes—This species has been widely misidentified. The first illustrations of it 
look like a misidentification. The figures in the Yellowstone Park monograph do 
not seem to be of this species. Records from more distant localities are still worse. 
Misidentification can be prevented only by comparison with typical topotypes. 
Specimens of this character from the Lower Canyon of the Yellowstone River are 
figured in this article. In spite of statements to the contrary, Weber Canyon, Utah, 
is not the type locality, the original specimens having been described from the 
Lower Canyon of the Yellowstone. ‘ 

The species occurs only in the Ellis formation. Toward the top of the Ellis the 
species is no longer typical, having evolved a form more inclined to smoothness. 

Locality—West side of Lower Canyon of Yellowstone River. 

Zone —Lower beds in upper part of Ellis formation. 


Pleuromya hectica sp. n. 
(Plate 1, figure 5; Plate 2, figure 11; Plate 3, figure 5) 


Description—Shell, wedge-shaped from dorsal view, heart-shaped from anterior; 
beaks, subcentral-anterior, incurved, prosogyrous; umbones, prominent; sides, in- 
flated; inferior margin, straight; surface, marked by fairly regularly concentric 
plicae except on anterior and posterior slopes, which are almost smooth. 


Dimensions: Mm. 


Notes—This species, possibly represented in Meek: King Survey, vol. 6, pl. 12, 
figs. 6, 6a, has somewhat the form of P. subcompressa combined with the ornament 
of P. weberensis. 

Locality—Holotype from Devils’ Slide, Cinnabar Mountain, Montana. Paratype 


from Gallatin Range. 2 
Zone—Middle part of Sundance formation, associated with P. weberensis, P. auto- 
lycus, Pholadomya kingii, etc 
Pleuromya weberensis Meek 
(Plate 2, figure 8) 


Meek: pasar og _ Parallel (King Survey), Final Rept., vol. 6 (1877) pl. 12, 
gs. 11, Ila. 
Deermtien- ee, ovate, heart-shaped from anterior view; beaks, strongly ante- 


rior; umbones, prominent; sides, inflated; inferior margin, roundly curved; surface, 
marked by fairly regular concentric plicae. 
Type. Yellowstone specimens 
Dimensions: mm. mm. 


Notes—This species, originally described from Weber Canyon, Wasatch Moun- 
ain seems to occur quite typically in the Yellowstone equivalents of the Sundance 
ormation. 

Localittes—Cinnabar Mountain and Gallatin Range, Montana and Wyoming. 

Zone—Middle part of Sundance formation, associated with P. hectica, etc. 
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Pleuromya autolycus sp. n. 
(Plate 1, figures 1, 2, 4; Plate 2, figures 1, 2, 4, 7) 


Description—Shell, rounded, robust, excessively short because of the posterior 
part having shrunk to a mere fraction of the usual size of this part in the Pleuro- 
myae; anterior slope, somewhat flattened; beaks, incurved, prosogyrous; umbones, 
go ; surface, ornamented with concentric plicae which become obsolete toward 

e lunule. 


Dimensions: Holotype, mm. 


Locality —Cinnabar Mountain, Montana. 
Zone—NMiddle part of Sundance formation, associated with P. hectica, etc. 


Family PHOLADOMYACIDAE 


Genus TRICHOMYA nov. 


Genoholotype——Trichomya amphitrite n., holotype. 

Diagnosis —Shell, siliquiform, compressed; beaks, symmetrical; umbo, depressed ; 
surface, marked by concentric ripples and radial punctate striae which have ial 
arrangements in each species and are generally stronger in the postero-ventra - 
tor; ligament, external, opisthodetic, linear; hinge, thin, edentulous. 

Differs from Pholadomya in having striate not costate ornament, from Arcomya 
in the possession of radial ornament, from Homomya in lacking the wide posterior 
gape. 

Trichomya amphitrite sp. n. 
(Plate 1, figures 7 and 8) 


Description—Shell, with flattish sides and a very shallow, radially directed de- 
pression below the beak, slightly gaping posteriorly; shell-substance, very thin; 
beak, subcentral-anterior; umbo, flattish; radial ornament, very fine, microscopic 
except on postero-ventral sector, lacking from umbo and dorsal area both anterior 
and posterior; concentric rippling, regular on umbo, irregular and weak on disk. 


Dimensions: Mn. Mm. 
23 
Semi-diameter ............. 5 (distorted) ...... 7 (corrected) 


Locality —West side of Lower Canyon of Yellowstone River. 
Zone.—Lower beds in upper part of Ellis formation. 


Family CERCOMYACIDAE 
Genus CAPILLIMYA nov. 


Genoholotype—Capillimya capillifera sp. n., holotype. 

Diagnosis—Shell, elongate, attenuate posteriorly, slightly gaping; beaks, sub- 
central, symmetrical; umbo, depressed; ornament, of several discrepant sorts in 
different areas; both concentric and radial, the latter being confined to postero- 
= sector; hinge, edentulous; resilium, internal, set between cup-shaped chon- 

ophores. 

Differs from other Cercomyacids in the possession of fine, punctate radial striae. 


Capillimya capillifera sp. n. 
(Plate 2, figures 3 and 9) 


Description Shell, cercomyiform, area not sharply distinct, with a marked radial 
depression from umbo to inferior border; beaks, not prominent; umbones, sulcate; 
surface, divided into several areas by the ornament as follows: anterior part of 
disk with rather regular and strong concentric plicae, medial part of disk which is 
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a depression marked by a weakening of the concentric plicae, posterior part of disk 
in which ornament consists of coarse concentric striae and punctate radial striae, 
the latter being microscopic except in a narrow postero-ventral sector and their 
maximum rather fine, and lastly the postero-dorsal area which is ornamented with 
coarse concentric striae. 


Dimensions: Mn. 


Locality —West side of Lower Canyon of Yellowstone River. 
Zone——Upper part of Ellis formation. 


Family ASTARTIDAE 


Genus ASTARTE Sowerby 
Astarte morion sp. n. 
(Plate 3, figures 1 and 2) 
Description—Shell, very small, of ovate outline; ornamented with few strong 


regular concentric plicae: margin of shell, except in cardinal region, denticulate 
toward the interior; hinge, strong, very short. 


Dimensions: Mm. 


Locality —Cinnabar Mountain, Montana. 
Zone.—Upper part of Ellis formation. 


Class CEPHALOPODA 
Family CARDIOCERATIDAE 


Genus CAWTONICERAS Buckman 


Cawtoniceras prionodes sp. n. 
(Plate 1, figure 3; Plate 2, figure 13; Plate 3, figure 3) 


Description —Shell, at full maturity, smooth, weakly carinate, oxycone, developing 
from highly ornamented, sharply carinate serpenticone ; umbilicus, narrow. Devel- 
opment stages; 80 mm. diameter, last trace of primary ribs, about 2 in a quadrant, 
secondary ribs have degenerated to mere bullae on ventro-lateral zone, 74 in a 
quadrant, peripheral knots about 26 in a quadrant. 100 mm. diameter, ventro-lateral 
bullae disappear, peripheral knots become weaker though more numerous. Beyond 
this stage, total smoothness except for growth-lines. 


Dimensions: Mm. 


Comparable species—C'. cawtonense Blake and Hudleston, canadense (Whit- 
eaves), C. sundancense (Reeside), and C. lillooetense (Reeside). All these have 
in common: development from serpenticone to oxycone, narrow umbilicus, carinate 
venter, strong adolescent ornament which weakens with maturity, a medium rib- 


. 
j 
: 
i 
| 
| 


560 C. H. CRICKMAY—JURASSIC OF WYOMING 


curve angulated forward across the periphery, in each quadrant of late adolescent 
shell (20 to 60 mm.) about 3 to 6 primary ribs, 9 to 15 secondaries, and 17 to 25 
peripheral knots. These proportions between parts of the ornament are worth 
noting; they are quite different from those of the earlier Cardioceratan Cardio- 
ceratids, and also from the later Prionodoceratan Cardioceratids. “Cardioceras” 
spiniferum Reeside is an example of these later Cardioceratids. It differs notably 
from the Cawtoniceras group, and is probably referable to the genus Prionodoceras, 
and to the Prionodoceratan age. 
— —Custer Battlefield Highway, between Carlile and Belle Fourche River, 
Sundance formation, upper part, associated with Camptonectes bellistriatus 
eek, etc. 


Port Haney, BrartisH Cotumstia, CaNaDA. 
MANUSCRIPT RECEIVED BY THE SECRETARY OF THE Society, Marcu 1, 1934. 
PRESENTED BEFORE THE GEOLOGICAL Society, DecemsBer 28, 1933. 
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Prats 1 
JURASSIC FOSSILS 


Figure 1—Pleuromya auiolycus sp. n., holotype, right lateral view. 

Ficure 2—Pleuromya autolycus sp. n., paratype no. 1, anterior view. 

Fiaure 3.—Cawtoniceras prionodes sp. n., holotype, lateral view with last half-whorl 
removed. The straight lines are drawn radially to show by comparison 
the curves of the ribs and growth-lines, and to show relative lengths 
of parts of the septal line with reference to the length of the external 
lobe, the radial line running to the extremity of that lobe. 

Ficurs 4—Pleuromya autolycus sp. n., holotype, dorsal view. 

Ficure 5—Pleuromya hectica sp. n., holotype, dorsal view. 

Ficure 6.—Pleuromya subcompressa, topotype, anterior view. 

Ficurs 7—Trichomya amphitrite sp. n., holotype, twice natural size. 

Ficure 8—Trichomya amphitrite sp. n., holotype, right lateral view. 
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Ficurs 1.—Pleuromya autolycus sp. n., holotype, anterior view, slightly enlarged. 

Ficurs 2—Pleuromya autolycus sp. n., paratype no. 2, right lateral view. From 
Cinnabar Mountain. 

Fiaure 3—Capillimya capillifera sp. n., holotype, dorsal view. 

Ficurs 4—Pleuromya autolycus sp. n., paratype no. 1, right lateral view. 

Fiaure 5.—Pleuromya subcompressa (Meek) White, topotype, dorsal view. 

Ficure 6—Gervillia dolabrata sp. n., syntypes. In the specimen on the right, five 
ligament pits are to be seen posterior to the beak. 

Fiaure 7—Pleuromya autolycus sp. n., holotype, left lateral view, enlarged. The 
missing part of the shell is restored in outline. 

Ficure 8 —Pleuromya weberensis Meek, a specimen from Cinnabar Mountain. 

Ficure 9—Capillimya capillifera sp. n., holotype, left lateral view. 

Ficure 10.—Pleuromya hectica sp. n., paratype, anterior view. 

Ficure 11—Pleuromya hectica sp. n., paratype, right lateral view. 

Ficure 12—Pleuromya subcompressa, same specimen as figure 5, left lateral view. 

Ficure 13—Cawtoniceras prionodes sp. n., holotype, peripheral view with the last 
half-whorl removed. 
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JURASSIC FOSSILS 


Ficurp 1.—Astarte morion sp. n., paratype, left lateral view. 

Ficure 2.—Astarte morion sp. n., holotype, left lateral view. 

Ficure 3.—Cawtoniceras prionodes sp. n., holotype, lateral view, two-thirds natural 
size. Parts of the periphery are completed in line. 

Ficure 4.—Ostrea strigilecula White, specimen from Lower Canyon of Yellowstone 
River. 

Ficure 5 —Pleuromya hectica sp. n., holotype, right lateral view. 

Ficurs 6 —Ostrea nigrimontana sp. n., paratype, a left valve, lateral view. 

Figure 7.—Ostrea nigrimontana sp. n., holotype, a left valve, view of the interior. 

Ficures 8,9.—Ostrea strigilecula White, specimen from Lower Canyon of Yellow- 
stone River. 

Ficure 10.—Pleuromya subcompressa, same specimen as Plate 1, figure 6, right lateral 

view. 
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Ficure 1. EROSIONAL DISCONFORMITY 
Between the massive, green Oswayo sandstone (above) and the red Cattaraugus shale (below). 
Northeast of Bradford, Pennsylvania. 


Ficure 2. CHARACTERISTIC BARRYVILLE MEMBER OF SHOHOLA FORMATION 
Near Barryville, New York. 
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INTRODUCTION 


The geological map of Pennsylvania, published in 1931 by the Penn- 
sylvania Topographic and Geologic Survey and based, so far as the 
Devonian and Mississippian in the northeastern quarter are concerned, 
upon the work of the Second Pennsylvania Survey, gives a generalized, 
inaccurate picture of that region. It is the purpose of this paper to cor- 
rect, as far as progress of field work will allow, the most glaring errors. 
The writer has published a number of papers dealing chiefly with the 
marine Middle and Upper Devonian stratigraphy of the State These 
contain preliminary statements relating to the continental Devonian. 
Little detail has been set down. The present paper proposes to discuss 
the poorly understood succession of red and non-red continental sedi- 
ments in northeastern Pennsylvania. Chiefly, it will be concerned with 
the stratigraphy of Susquehanna, Wayne, Pike, Monroe, and parts of 
Bradford, Wyoming, Lackawanna, Luzerne, and Carbon counties, but it 
will be necessary to touch upon still more distant areas. Along the north- 
ern boundary of the State, studies have been extended westward into 
McKean County. South and southwest of Wayne County, they have been 
carried through the Pocono Plateau to the Susquehanna Valley in 
Dauphin and Perry counties. Less thorough observations were made 
between north-central Pennsylvania and the Allegheny Front in Clinton 
and Lycoming counties. The regions covered in this report are shown in 
the key map (Fig. 1). 

This article may be looked upon as a report of progress rather than as a 
finished thesis. Although dealing primarily with the Devonian, the dis- 
cussion is of a nature which cannot exclude mention of the Mississippian. 
For six field seasons the writer has worked on the Mississippian and 
Devonian systems in Pennsylvania. The 1935 field work was devoted 
chiefly to the non-marine Devonian, with casual observations on the 
Mississippian. These had both received attention previously, but studies 
had tended to be localized. The recent objective was to tie together regions 


1The reader is referred to the writer’s published correlations for the Hamilton and the Portage 
groups of the entire State and to his correlations of the Chemung over considerable areas. In his 
Portage and Chemung discussions, attempts have been made to demonstrate the age of the lowest 
part of the Catskill continental beds throughout eastern and central Pennsylvania. He has recently 
submitted a general summary, with chart of the Devonian of Pennsylvania and New Jersey, to the 
National Research Council. 

Bradford Willard and Arthur B. Cleaves: Hamilton group of eastern Pennsylvania, Geol. Soc. 
Am., Bull., vol. 44 (1933) p. 757-782. 

Bradford Willard: Hamilton group of central Pennsylvania, Geol. Soc. Am., Bull., vol. 46 (1935) 
p. 195-224; Hamilton group along the Allegheny Front, Pennsylvania, ibid., p. 1275-1290; Portage group 
in Pennsylvania, ibid., p. 1195-1218; “Catskill” sedimentation in Pennsylvania, ibid., vol. 44 (1933) 
p. 495-516; Early Chemung shore line in Pennsylvania, ibid., vol. 45 (1934) p. 897-908; Chemung 
of southwestern Pennsylvania, Pa. Acad. Sci., Pr., vol. 7 (1933) p. 148-159; The Devonian system 
in Pennsylvania and New Jersey, Report prepared for the National Research Council (1935). 
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previously worked and to correlate the whole as far as a somewhat cur- 
tailed field season permitted. The method employed has been comparison 
of sections. Because of lack of fossils and the heavy glacial cover in so 
much of the area, it is impossible to trace the formations continuously. 
There are no topographic sheets for large blocks of the land west of the 
Northern Anthracite Field, and many of the published quadrangles are 
almost hopelessly out of date. However, sections of nearly continuous 
exposures along railroads, highways, river valleys, and side ravines, 
taken at frequent intervals, have yielded reasonably reliable results. 
These explorations were supplemented by extensive traverses of the inter- 
vening territory. Because of the handicaps cited and the method of field 
work, the accompanying revision of the geological map (PI. 2) for the 
northeastern region must not be taken as the final word. It is as accurate 
a picture of observed conditions as can be given now. 

In conjunction with the map, a correlation of the Upper Devonian con- 
tinental beds over a large part of the State is offered (Fig. 2 and Pl. 3). 
This correlation is based upon field work done by the author. These 
correlations have been reached by determining how the continental beds 
fit in with the marine formations, principally of northwestern Pennsyl- 
vania. Correlations are also reported along the valley and mountain 
region, notably Second Mountain, south of the Anthracite Fields, to the 
Susquehanna Valley. Partial correlations for the continental Devonian 
of the Allegheny Front are suggested. The true nature of the stratigraphy 
of the Pocono Plateau is now available as the key to the Pocono question. 
The Devonian-Mississippian boundary has, through these studies, been 
drawn more exactly than heretofore over much of Pennsylvania. 


PHYSIOGRAPHY AND STRUCTURE 


Much of the region studied and recorded in this paper lies in the Alle- 
gheny Plateau of the north-central and northeastern counties and includes 
the eastern extension thereof, the Pocono Plateau.? Bordering this region 
along its southern side, from central Pennsylvania into the Anthracite 
Fields to the east, is the Ridge and Valley Section, consisting of a suc- 
cession of ranges roughly parallel to the edge of the Allegheny Plateau. 
The ridges of the Lackawanna syncline of the Northern Anthracite Field, 
extending northeast through, and beyond, Lackawanna County, sepa- 
rate the Allegheny and the Pocono plateaus. The escarpment of the 
Allegheny Plateau, reaching from south-central Pennsylvania in a long 
are nearly to the Northern Anthracite Field, is called the Allegheny 


2 For details of the physiography see George H. Ashley: The scenery of Pennsylvania, Pa. Topog. 
Geol. Surv., Bull. G-6 (1933). 
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Front. Most of this discussion is of localities included in the eastern part 
of the Allegheny Plateau, the Pocono Plateau, and the Northern Anthra- 
cite Field, with less details for the Allegheny Front and the nearby, folded 
areas adjacent to the Southern Anthracite Field. 

The Allegheny Plateau is a region of gently folded, almost flat-lying 
rocks. The higher areas, capped by Pennsylvanian and Mississippian 
formations, are usually the axes of gentle synclines. The lower levels 
and valleys expose Devonian formations and often mark the anticlines. 
The Pocono Plateau is composed of strata which dip gently northwest- 
ward. The area of valleys and mountains south of the plateaus is a region 
of intense folding. Adjacent to the Allegheny Front, with Mississippian 
exposed at the top of the escarpment, Devonian formations are chiefly 
involved, but, in the Anthracite Fields, both Mississippian and Pennsyl- 
vanian formations are in the closely folded area and are productive of 
ridges.® 

DISTRIBUTION AND SEQUENCES 
GEOGRAPHIC DISTRIBUTION 


The Devonian and Mississippian take up large areas of the exposed 
rocks in Pennsylvania, and pass under the coal fields. With some Ordo- 
vician and most of the Silurian exposures of the State, the Devonian occu- 
pies much of the folded region fringing the plateaus. Throughout the 
north-central and northeastern plateau areas, the Devonian is the prin- 
cipal surface rock. The 1931 State map shows there, also, considerable 
areas of Mississippian, principally “Pocono.” Recent studies show that 
the so-called “Pocono,” as mapped, includes a large proportion of beds 
here assigned to the Devonian. Not only is this true of the Pocono 
Plateau, but of the northern portion of the Allegheny Plateau as well. 
Nevertheless, Mississippian is present as a border about all the coal- 
bearing areas; and the farther southeast one goes within the limits of the 
Allegheny Plateau, toward the Allegheny Front, the thicker and more 
important these beds are. The same may be said of the Mississippian 
about the Anthracite Fields. 

The fresh-water Devonian sediments are exposed in greatest variety 
and over the largest single area in the northeastern quarter of the State. 
From there, they reach west along the northern border and southwest 
around the anthracite region, following the Allegheny Front into Mary- 
land. In general, they form a more or less concentric band next to the 


8A description and map of structures for most of the area recorded in this paper will be found in 
S. H. Cathcart: Geologic structure in the plateau region of northern Pennsylvania and its relation 
to the occurrence of gas in the Oriskany sand, Pa. Topog. Geol. Surv., Bull. 108 (1934). 
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Mississippian. A few isolated areas or patches of Mississippian and con- 
tinental Devonian are found; but, except for the Broad Top Mountain 
outlier in south-central Pennsylvania, they are small. 

COMPARATIVE SEQUENCES 


Generalized marine sequence-—For comparative purposes, a general- 
ized succession for the lowest Mississippian and uppermost Devonian 
marine beds in northwestern Pennsylvania and southwestern New York 
is first set down. This tabulation is condensed largely from those pub- 
lished by Chadwick and Caster.* Details are omitted, for the final 
adjustment is perhaps not yet reached among the workers of this region. 


Mississippian System (lowest part) 
Knapp conglomerate 
Kushequa shale 
Devonian System (upper part) 
Conewango group 
Oswayo shale (partly non-marine) 
Salamanca conglomerate 
Cattaraugus red shale (mostly non-marine) 
Panama conglomerate 
Conneaut group 
Chadakoin shale 
Cuba sandstone 
Canadaway group 
Chemung group 


Sequences in northeastern Pennsylvania.—The Mississippian and De- 
vonian continental sequences in northeastern Pennsylvania are sum- 
marized in the following table, drawn up for Susquehanna and Wayne 
counties. Two columns, representing the successions on the opposite 
sides of the Northern Anthracite Field (Lackawanna syncline) down to, 
and including, the higher marine units, are shown. 


Susquehanna County Wayne and Pike Counties 


Mississippian System (lower part) 


Griswolds Gap conglomerate........ Griswolds Gap conglomerate 


“George H. Chadwick: Faunal differentiation in the Upper Devonian, Geol. Soc. Am., Bull., 
vol. 46 (1935) p. 305-342. 

Kenneth E. Caster: The stratigraphy and paleontology of northwestern Pennsylvania, Part I: 
Stratigraphy, Bull. Am. Pal., vol. 21, no. 71 (1934) p. 36-107. 

Kenneth E. Caster, Paul D. Torrey, George H. Chadwick: Demise of the “Bradfordian Series,” 
Am. Assoc. Petrol. Geol., Bull., vol. 19 (1935) p. 912-915. 

5Term used in the sense which Caster employs, the ‘“‘Chadakoin stage,’’ including beds from 
the Panama to the Girard shale. 
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Devonian System (upper part) 


Catskill facies group Catskill facies group 
Mt. Pleasant red shale................. Mt. Pleasant red shale 
Elk Mountain sandstone.............. Elk Mountain sandstone 


Cherry Ridge red beds 


Dyberry glomerate Pimple Hill conglomerate 
Honesdale sandstone.................. Honesdale sandstone 
Damascus red shale.................. Damascus red shale 


Chemung group (in part) 


New Milford formation * 
Luthers Mills coquinite * Shohola formation 
Lanesboro member* \.......... Paupack sandstone 
Kingsley red shale Barryville member 


Cayuta formation * 
Delaware River flags 
Analomink red shale 
Port 

Portage group 


(Concealed) Trimmers Rock sandstone * 


*Units partly or wholly marine. Uppermost New Milford beds are post-Chemung; in the 
east, they are continental and are assigned to the Catskill facies group; in the west, they carry the 
marine Luthers Mills coquinite. Remainder of New Milford is probably Wellsburg in age and partly 
continental, partly marine. Barryville member is Chemung in age, but Paupack sandstone is 
wholly or partly post-Chemung and equal to part or all of the New Milford. Delaware River 
flags and Analomink red shale are of Portage age, but belong with the Catskill facies. 


One hesitates to assign so many units to formations or members. How- 
ever, until full details of correlations are worked out and one is more 
certain of the exact marine equivalents of all the units, it is inadvisable 
to be too explicit in nomenclature. For the present, it will do little vio- 
lence and will serve to simplify matters if one looks upon all these fresh- 
water-formed Devonian beds as separable into several divisions of the 
Catskill facies group. The writer now, as heretofore, uses Catskill as a 
phase or facies term to include all the continental Devonian beds. All the 
divisions mentioned in the table are separable on lithologic grounds and 
are usually mappable. The succession is essentially that established in the 
1880’s by I. C. White in his reports for the Second Pennsylvania Survey.® 
High tribute should be paid his work on the continental Devonian in 
northeastern Pennsylvania. Occasionally, his mistakes based upon faulty 
paleontology have been criticized. As one appreciates better some of the 
official handicaps under which he labored, he feels that White is more 
to be condoned than condemned. In the northeast, where he had no fossils 
worth mentioning, White’s work was excellent. Had his conclusions been 


6TI. C. White: The geology of Susquehanna County and Wayne County, Pa. Second Geol. Surv., 
vol. G5 (1881); The geology of Pike and Monroe counties, Pa. Second Geol. Surv., vol. G6 (1882); 
The geology of the Susqueh River region in the siz ties of Wyoming, Lackawanna, Luzerne, 
Columbia, Montour, and Northumberland, Pa. Second Geol. Surv., vol. G7 (1883). 
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published without the changes made by J. P. Lesley, there would be little 
left for subsequent workers to do. If, instead of assigning the work to 
others, however capable, Lesley had allotted to White the entire northern 
tier of counties, and had then published his results substantially un- 
changed and with maps at least approximately correct and in agreement 
with the text, the results today would be a more worthy monument to 
I. C. White’s ability as a stratigrapher. 

White’s succession, first drawn up in volume G5 of the Second Pennsyl- 
vanian Survey, pages 58 and 59, and subsequently applied with slight 
emendations in Volume G6 and G7, is accepted nearly intact. Sub- 
divisions which he recognized are usually too local, though probably valid, 
to be useful here. In a few cases, it was necessary to substitute other 
names for those which he proposed or to introduce new ones for beds he 
failed to differentiate.’ Before discussing these units in detail, the Mis- 
sissippian of eastern Pennsylvania will first be briefly mentioned. 


MISSISSIPPIAN STRATIGRAPHY 
GENERAL STATEMENT 


The Mississippian system in eastern Pennsylvania is generally overlain, 
throughout the Anthracite Fields, by the Pottsville conglomerate. The 
base of the system is drawn at the bottom of the Pocono formation, which, 
in the Anthracite Fields, may be marked by the Griswolds Gap conglom- 
erate (White’s term) or its near equivalent. Farther west, the Knapp 
sandstone or conglomerate occupies much the same position. Where 
neither Knapp nor Griswolds Gap is present, the base of the system is 
drawn at the bottom of its lower, massive member, the “Berea.” The 
Mississippian-Devonian contact is believed to be a disconformity over 
much of northern Pennsylvania. 


MAUCH CHUNK FORMATION 


The Mississippian system is divisible in the east into two formations, 
the Mauch Chunk above and the Pocono below. The Mauch Chunk for- 
mation, of red sandstone and shale, chiefly, ranges from the vanishing 
point to 1600 feet, or more, in thickness. (Possibly it is nearly twice that 
maximum in the Susquehanna Valley.) It dies out northwestward, from 
a maximum thickness for eastern Pennsylvania in Carbon County. It is 
known doubtfully by a few feet of non-red shale northwest of Pittston, and 
farther northwestward the Pottsville rests directly upon the Pocono (Fig. 
2 and PI. 3) in evident disconformity. An angular unconformity has been 
reported at this contact, but the author has not found it. The Mauch 


7 The writer is indebted to Miss M. Grace Wilmarth, of the U. S. Geological Survey, who kindly 
checked over all the names applied in this article to the Devonian (her letter of November 1, 1935). 
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Chunk is widely distributed throughout the Anthracite Fields, along the 
Allegheny Front, and in the Broad Top Field, and underlies much of 
southwestern Pennsylvania. In the southwest, it contains, at the base and 
in the middle, fossiliferous, marine limestones. No important subdivisions 
in the east are recognized. 


POCONO FORMATION 


The Pocono formation is principally massive, gray sandstone and con- 
glomerates, which are coarsest and thickest (maximum, at least 1500 feet) 
in Second Mountain and along the Allegheny Front. The formation thins 
northwestward and simultaneously becomes finer-grained. Like the 
Mauch Chunk, the Pocono in the east is all fresh-water-formed; unlike 
the Mauch Chunk, which is barren in most exposures, it carries a varied 
flora and some thin coals. The Pocono formation is usually tripartite. 
At its base occur locally the Griswolds Gap conglomerate or the Knapp 
couglomerate or sandstone. Overlying and merging with these, or per- 
sisting where they are not recognized in the lower Pocono, is the massive, 
conglomeratic “Berea” sandstone. A similar, massive, pebbly member, the 
Burgoon sandstone, forms the highest third of the formation; a middle, 
platy division, the Peters Mountain sandstone,* intervenes between the 
“Berea” and the Burgoon. This trifid character of the Pocono is a distinc- 
tive feature, of high correlative value, throughout central Pennsylvania. 
Transition beds between the Pocono and the Mauch Chunk are usually 
thin. Interpretations which follow tend to relegate most of the supposed 
Devonian-Mississippian transition beds to the Catskill proper. 


DEVONIAN STRATIGRAPHY 
CATSKILL FACIES GROUP 


General statement—The Catskill facies group includes some few, 
stray marine beds, but they are a minor constituent. It is truly a facies 
group. The sequence of the fresh-water Devonian of northeastern Penn- 
sylvania is based almost wholly upon lithology. Diagnostic animal 
remains are lacking, and what few plants there are in these beds yield 
little information. The distinction between Devonian and Mississippian 
floras, which David White® recently emphasized, indicates that the 
highest Devonian continental beds are characterized by the Archaeopteris 
flora and the earliest Mississippian by the Triphyllopteris flora. There is, 
nevertheless, considerable confusion on this point. Although White seems 
thus to restrict Archaeopteris to the Devonian, the genus has been reported 


8 This name was proposed by the writer in a report on the Mississippian system in Pennsylvania, 
submitted in 1935 to the National Research Council. It takes its name from Peters Mountain in 
Dauphin County. 

® David White: The age of the Pocono, Am. Jour. Sci., 5th ser., vol. 27 (1934) p. 265-272. 
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in higher beds, up to, and including, the Pottsville in Maryland and the 
Culm in Europe; White himself listed it from beds presumably of post- 
Devonian age. On the other hand, Darrah writes, under date of June 25, 
1935, “I have never found Archaeopteris in what has been called Pocono 
by the Pennsylvania Surveys.” It is not improbable that David White 
intended to restrict the genus to Devonian forms. For these reasons, it is 
confusing to attempt to use the paleobotanic data, especially to apply that 
which Lesquereux left on the distribution of Archaeopteris in Pennsy]- 
vania.° How many of the species he listed are still regarded as belonging 
to Archaeopteris has not been determined. Lesquereux reported this 
plant from the Catskill at a number of places. However, he also notes 
a number of occurrences from “red shale of the Vespertine.” This would 
lead one to believe that the plant was found in the Mississippian (probably 
the Mauch Chunk). But if one checks the locations given, which are, 
unfortunately, vaguely designated as “near Pittston,” “opposite Mauch 
Chunk,” “below Pottsville,” they are so equivocal as to be unreliable. 
Possibly some of them are truly Mauch Chunk rather than uppermost red 
Catskill. However, those which Lesquereux did definitely report from the 
Devonian red beds are probably assignable to those of post-Honesdale 
age—that is, the Cherry Ridge or the Mount Pleasant red shales. In this 
case, they belong to strata that range from very late Canadaway into 
Conewango, at least. 

Lack of fossils is fairly well compensated by persistence of the lithology 
of the several Catskill units. The surprising recurrence of rock types, in 
the alternation of red and non-red formations, shows in anything like a 
complete stratigraphic section in northeastern Pennsylvania. Correlations 
determining the relative age equivalence are feasible because one can 
follow the continental beds until they eventually pass over into marine 
correlates. All the formations of the Catskill group, with the exception of 
the Mount Pleasant, change into marine Devonian members. Plate 2 
gives approximately their distribution in northeastern Pennsylvania. 
Most of these units can be followed around the northern extremity of the 
Anthracite Fields, thus establishing their equivalence on opposite sides of 
the Lackawanna syncline. Some of the older divisions were not found to 
pass around the end of the syncline within the limits of Pennsylvania. 
These have not been studied far into New York. They do, however, pass 
under the Anthracite Fields and may have very different characteristics on 
opposite sides. 

Mount Pleasant red shale—White’s designation of the Mount Pleas- 
ant “2 is retained as Mount Pleasant red shale. The name was given from 


20 Leo Lesquereux: Coal flora of Pennsylvania, Pa. Second Geol. Surv., vol. P (1880) p. 299-307. 
11. C. White: The geology of Susquehanna County and Wayne County, Pa. Second Geol. Surv., 
vol. G5 (1881) p. 58, 63. 
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the village of Mount Pleasant in Wayne County, which is now known as 
Pleasant Mount; but, as the township retains the older name, one may still 
cite this as the type locality and retain the name for the highest of the 
Catskill red formations. White used the designation for more than one 
unit, for he mentions both a conglomerate and a red shale by this name. 
It is here used more inclusively and redefined to embrace the beds between 
the base of the Pocono and the top of the Elk Mountain formation. In 
Wayne County, this will include about 350 feet of beds below the Gris- 
wolds Gap conglomerate (basal Pocono) which White thought probably 
were transitional Devonian- Mississippian strata.’ As will develop later, 
there seems good reason to assign these to the Devonian and abandon the 
idea of transitional strata. Especially is this true because there is prob- 
ably a larger proportion of red beds present in this formation than White 
supposed. The unity of the formation becomes more pronounced as it is 
studied in detail over a wider area. The conglomerate seems rather local; 
the formation is dominantly intensely red shale and sandstone plus some 
gray beds. Excellent exposures are visible along United States Highway 
6, in the region of Waymart in Wayne County and, thence west, up grade 
toward the State Hospital. Here the thickness is close to 500 feet. 

The Mount Pleasant red shale thins out northwestward and disappears 
in a Devonian-Mississippian disconformity. Its identity south of Wayne 
County has been determined on the Pocono Plateau, but beyond that it 
cannot with certainty be distinguished from the red Cherry Ridge, for the 
intervening, green Elk Mountain sandstone is missing. White thought he 
recognized the Mount Pleasant conglomerate along the Lehigh River,!* but 
that bed (No. 6) is probably the Griswolds Gap conglomerate. The 500 to 
700 feet of alternating red and green beds beneath, judging from com- 
parative lithology, doubtless are in part the equivalent of the Mount 
Pleasant of Wayne County, but may also be in part the upper portion 
of the Cherry Ridge formation. Nothing in White’s section suggests the 
Elk Mountain sandstone, nor has the writer seen anything along the 
Lehigh he would so designate. The same may be said of Winslow’s 
section.’* 

The Mount Pleasant red shale pinches out westward from Wayne 
County. This is a gradual change, illustrated in cross section (Pl. 3). 
With its disappearance, the basal Mississippian (“Knapp” or its equal) 
rests directly upon the Elk Mountain or its correlate, the Oswayo shale. 


1 Although at first (volumes G5 and G6), White seems doubtful about the correct assignment 
of these beds, he eventually (volume G7) reached the conclusion that the base of the Pocono 
was represented by the Griswolds Gap conglomerate. This is the designation used here. 

137, C. White: The geology of Pike and Monroe counties, Pa. Second Geol. Surv., vol. G6 
(1882) p. 79. 

4A, Winslow: The Lehigh River cross section, Pa. Second Geol. Surv., Ann. Rept., pt. IV 
(1886) p. 1331-1371. 
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Because of this condition, there is a possible question of the Devonian age 
of the Mount Pleasant. Its lithology allies it with the Catskill group 
rather than with the Pocono, and its separation from the Pocono is drawn 
upon a very marked break in lithology, implying abrupt change of sedi- 
mentary conditions, from red beds to coarse, gray or whitish conglomerate. 
No angular discordance has been found at this contact. Until further 
evidence can be produced, the writer will treat this formation as being the 
highest division of the Devonian. What its marine equivalent may be is 
not known. Caster recognized a Devonian-Mississippian disconformity 
in the marine beds to the northwest,> and, because his highest marine 
Devonian is the Oswayo, here correlated with the Elk Mountain, the 
Mount Pleasant should be the equivalent of an unknown or unrepresented 
marine member, unless, indeed, Caster has drawn the systemic boundary 
a little too low and some of the beds between the Oswayo and the Knapp 
are actually highest Devonian. Considering his intimate knowledge of 
the faunas, this is a very unlikely supposition. Thus, the Mississippian- 
Devonian disconformity which Caster recognizes in the marine beds is 
comparable to that noted between the Oswayo and the Pocono and which, 
to the east, is gradually occupied by the Mount Pleasant. 


Elk Mountain sandstone.—The Elk Mountain sandstone is a green to 
grayish-green, flaggy sandstone, extraordinarily cross-bedded, with some 
few shale interbeds. This cross-bedding is its most distinctive feature 
and is more strongly developed and more persistent than that observed in 
any other of the non-red Catskill formations, although all these show a 
tendency to be cross-bedded. I. C. White proposed the name, from the Elk 
Mountains in Susquehanna County,?* around the foot of which the forma- 
tion extends. He appears to have included with the Elk Mountain, beds 
more truly assignable to the adjacent red formations. As here used, the 
name is applied to the non-red, cross-bedded flags only. Many good 
exposures are to be found, though usually these are incomplete. One of 
the best is in the hills north of United States Highway 6, near Prompton, 
Wayne County, and there are many in southeastern Susquehanna County 
and westward. The Elk Mountain is a persistent element, from Wayne 
County south into Monroe, but appears to die out there so that it is not 
surely recognized west of the Pocono Plateau (Pl. 2). As already noted, 
its absence prevents a satisfactory separation of the Mount Pleasant from 
the Cherry Ridge in the Lehigh Valley and westward where these two 
merge into a single, thick, red member. West of Wayne County, all 


15 Kenneth E. Caster: The stratigraphy and paleontology of northwestern Pennsylvania, Part J: 
Stratigraphy, Bull. Am. Pal., vol. 21, no. 71 (1934) p. 104 et seq. 

167. C. White: The geology of Susquehanna County and Wayne County, Pa. Second Geol. Surv., 
vol. G5 (1881) p. 59, 64. 
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through the northern tier of counties to Potter, the Elk Mountain sand- 
stone may be found, until it passes over into the marine Oswayo sandy 
shale in western Potter and McKean counties. It is probably present 
southward into Clinton County, where the Mount Pleasant is absent and 
the Pocono rests directly upon beds of Elk Mountain type. The formation 
is remarkably persistent. Its thickness changes little from about 150 
feet in Wayne County to an average of perhaps 200 feet westward into 
Bradford County, where the thickness increases slightly. (This, of course, 
disagrees with the thickness cited by Fuller and Alden,” for they inter- 
preted the Oswayo and Upper Cattaraugus differently from the present 
usage.) As one passes into Potter County, other changes appear. The 
cross-bedding is less pronounced, and the color is more olive to olive-brown 
than green. Soon, too, there are indications of marine life. At its base 
appears the remnant of the Salamanca conglomerate with marine fossils. 
This condition grows more pronounced westward across McKean County, 
until there is no longer any characteristic Elk Mountain, but, rather, the 
marine Oswayo sandy shale, underlain by the Salamanca conglomerate. 


Cherry Ridge red beds—Cherry Ridge is another of I. C. White’s 
names,?® but it was rather ill chosen, for Cherry Ridge in Wayne County 
gives an indifferent exposure of these beds. However, good exposures are 
rare, and a complete section of the formation is unknown. White spoke of 
the Cherry Ridge as a group of five lithologically unlike members, to each 
of which he applied the name Cherry Ridge with an appropriate lithologic 
designation. Most of these are so local that they can be disregarded, and 
the situation can be clarified by using the name Cherry Ridge red beds for 
the dominantly red succession of somewhat varied lithology which sepa- 
rates the Elk Mountain and the Honesdale sandstones. Such subdivisions 
as are useful will be renamed. White reported a thickness of 170 feet for 
the Cherry Ridge in Wayne County. The writer found, as he did, that it 
thickens southward. It is at least 275 to 300 feet thick on the Pocono 
Plateau, and between 300 and 400 feet along the Lehigh River, although 
at the latter point its upper boundary is vague. It continues west to the 
Susquehanna and Juniata valleys in Perry County. West of Wayne 
County the formation increases to 600 feet in the Susquehanna Valley. 
To the southwest, in Wyoming County, some red beds of Honesdale age 
may be included. It is possibly 1000 feet thick in parts of Bradford and 
Tioga counties. Westward, it thins gradually and becomes the red Catta- 
raugus of western Potter and McKean counties. This thinning is the 


17M. L. Fuller and W. C. Alden: Description of the Elkland and Tioga quadrangles [Pa.], 
U. 8. Geol. Surv., folio 93 (1903). 
181. C. White: op. cit., p. 59, 64-66. 
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result of continental off-lap westward, with attendant displacement of suc- 
cessively younger marine beds. 

At least two units of the Cherry Ridge deserve attention. White re- 
ported a conglomerate, distinguished by its red quartz pebbles, in the upper 
part of the formation. This is a persistent bed across the Pocono Plateau, 
where it forms small ridges and hills concentric to the eastern escarpment. 
Because of its occurrence so far east on the Plateau, there seems no reason 
for placing it in the Mt. Pleasant rather than in the Cherry Ridge red 
beds. It is named for one of the knobs which it supports, Pimple Hill in 
Monroe County. The Pimple Hill conglomerate is exposed along the 
Lehigh River, where, however, other conglomerates of similar nature, par- 
ticularly in the lower part of the Cherry Ridge, help support Bear Moun- 
tain, southeast of Mauch Chunk, and the corresponding ridge across the 
river north of Packerton. Possibly more than one conglomerate is present 
on the Plateau, but the Pimple Hill is thought to be most persistent. West 
of the Lehigh River, the Cherry Ridge carries one or more conglomerates, 
probably the lower ones, but correlation and identity of these are lacking. 
They extend all the way to the Susquehanna Valley. The Pimple Hill 
conglomerate has not been identified west of Wayne County. 

White reported “limestone” in the lower part of the Cherry Ridge. The 
use of the term is misleading, but the stratum (or strata) is important. 
His description 7° is excellent: “It is an agglomeration of chips of slate 
and shale—fish bone fragments—pieces of fossilized wood—and often a 
large quantity of sand—all cemented together with lime.” Light-gray 
when fresh, this glomerate weathers to a black, pitted rock; and its 
residual boulders strew the surface even when there is no sure outcrop. 
“Fish beds” occur in other formations in this region, but White’s descrip- 
tion and the present characterization fit only the Cherry Ridge repre- 
sentative. Probably more than one such bed exists in the formation. Be 
it one or several, the name Dyberry glomerate is proposed for it. This 
name comes from Dyberry Creek and Township in Wayne County, where 
the rock is abundantly scattered over the surface and is probably in place 
in the headwaters of the creek near Cold Spring, Lebanon Township. Its 
importance as a key bed was recognized by White, and the writer has 
found in it a valuable guide to the Cherry Ridge formation in Susque- 
hanna, Wayne, and parts of Bradford and Wyoming counties. West of 
eastern Bradford County, the Dyberry glomerate as such is lost, and it 
may give out in northern Monroe County, for it was not found to continue 
south into the Pocono Plateau in sufficient abundance to be of use. Such 
pieces as were seen may have all been glacial erratics. As the glomerate 
fails as a marker for the Cherry Ridge, the red, Pimple Hill conglomerate 
serves as a key to identify the presence of this Catskill unit. 


18 Op. cit., p. 65. 


2 
i 
ES 
: 


DEVONIAN STRATIGRAPHY 579 


South of Terrytown, at Austinville and other points in Bradford County 
in the lower part of the Cherry Ridge red beds, are fish remains. These 
tie in with the fish-bearing Dyberry glomerate to the east.2° It is curious, 
but, nevertheless, readily observable, that the remains of fish in the ““herry 
Ridge in these two regions are in very unequal states of preservation. 
Those farthest east are known from highly eomminuted fragments in the 
Dyberry glomerate. None of those that have come to the writer’s atten- 
tion is sufficiently well preserved for specific, or, in most cases, even gen- 
eric identification. As one crosses the Susquehanna Valley into central 
Bradford County, these fish remains are more entire and permit generic 
and sometimes specific determinations. By the time one reaches central 
Tioga County, he encounters few or no fish in the red beds, for the fish- 
bearing portion has gone over into marine strata belonging to the Con- 
neaut group. Marine beds of this age do, nevertheless, carry fish. 

The remains in the red beds are the best preserved nearest the truly 
marine environment, poorest farthest inland. Such a situation is incom- 
patible with an assumption that the fish were primarily denizens of the 
streams and were occasionally washed to sea, a theory formerly sup- 
ported.” A possible explanation is that those early fish were anadromous. 
Assuming that they lived chiefly in the sea or in a brackish environment 
near shore (they are associated with inarticulate brachiopods and plant 
fragments in eastern Tioga and western Bradford counties), they might 
have ascended the rivers to spawn and then to die in great numbers. 
The writer has postulated the existence, in. Devonian time, of a large 
river debouching westward in northeastern Pennsylvania.2? Such a 
stream, with spreading distributaries across a delta, would be ideally 
fitted for this type of existence. The great numbers of remains of defunct 
individuals crowded together at the spawning grounds might then be 
reworked by the currents and deposited with mud chips, fragments of 
shale, and sand grains, in the glomerates among the Cherry Ridge shales. 
On the other hand, those which died in the marine or brackish waters, 
perhaps under relatively quiet, estuarine conditions, underwent no such 
grinding and were interred more intact. Their remains are fewer and are 
usually found as scattered parts, not concentrated in beds. This should 
imply that, except during the spawning season, the individuals roamed 
singly or in small groups, not as schools. 

As already stated, the Cherry Ridge passes west into the Cattaraugus 
of the Conewango group in western Potter and McKean counties, although 


2 Such relations were implied in J. P. Lesley: A summary description of the geology of Pennsylvania 
(1892) p. 1456-1457. 

2 Bradford Willard: Devonian faunas in Pennsylvania, Pa. Topog. Geol. Surv., Bull. G4 (1932) p. 29. 

2 Bradford Willard: Early Chemung shore line in Pennsylvania, Geol. Soc. Am., Bull., vol. 45 (1934) 
p. 897-908. 
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the two cannot be separated by any recognized characteristic. This is 
strictly true of only its upper part—that is, those beds which would be 
above the Panama conglomerate were it present eastward. Only after 
most, or all, of the lower part has passed westward into the marine 
facies, does the Panama conglomerate appear marking the base of the 
true Cattaraugus in McKean and western Potter counties. In eastern 
Potter and western Tioga counties, it is believed that the lower part of 
the Cherry Ridge is the equivalent of the Chadakoin or of the entire 
Conneaut group. The Cherry Ridge here was apparently referred to as 
the Blossburg by Conrad, but his description is too vague to be of much 
use.” Later, Fuller and Alden * called all the red beds “Cattaraugus.” 
Obviously, this is erroneous, for they include strata considerably older 
than the Panama conglomerate which marks the base of the Cattaraugus 
to the west. If a term must be applied to these red beds, Cherry Ridge is 
logical, for they admit of no subdividing. This does not agree with 
Chadwick,?* but it is not clear whether or not he took into consideration 
that the equivalent of the Cattaraugus red beds extends eastward across 
Tioga County. These correlations are borne out chiefly by lithologic 
changes. Thus, in the marine-to-continental passage east from Potter 
County, a downward progression of Chadakoin lithology, pinkish or plum- 
colored to chocolate beds, is to be observed immediately below the east- 
ward-descending base of the red Cherry Ridge formation. The writer 
has found no example of Camarotoechia duplicata from the Conneaut 
group of Tioga County. Can it be that here the base of the red beds is 
actually older than the sections immediately east or west? In western 
Bradford County, the basal part of the Cherry Ridge may belong to the 
upper Canadaway. It appears to be passing over into marine beds, with 
Athyris angelica common. The red beds of the basal Cherry Ridge are 
above the Luthers Mills coquinite in central Bradford County, and are 
separated therefrom by beds equal to the Honesdale and Damascus 
formations. 

In western Potter and McKean counties, the Cattaraugus, and thence 
eastward into Tioga and western Bradford counties its correlate, the 
higher part of the Cherry Ridge red beds, carries green strata in its upper 


%T. A. Conrad: Observation on the Silurian and Devonian system of the United States with 
description of new organic remains, Philadelphia Acad. Nat. Sci., Jour., vol. 8 (1842) p. 228-280. On 
page 232, he says, “The rocks of the Ithaca group, Chemung group and the Old Red Sandstone near 
Blossburg, in Pennsylvania, constitute the equivalent of the Devonian system in Europe—.” And 
on page 234, he writes, “‘The Devonian system represented by the rocks of Ithaca, the lower division by 
strata on the Chemung River or middle division, and the red sandstone of Blossburg or upper division, 
may be conveniently divided—.” 

%M. L. Fuller and W. C. Alden: Description of the Elkland and Tioga quadrangles [Pa.], U. 8S. 
Geol. Surv., folio 98 (1903). 

25 George H. Chadwick: Hamilton red beds in eastern New York, Science, n. s., vol. 77 (1933) p. 
86-87. 
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part. These are barren and lithologically nearly identical with those of 
the eastern Oswayo and the Elk Mountain. Indeed, where the Salamanca 
conglomerate is absent or the erosional break, sometimes found between 
the Oswayo and Cattaraugus (PI. 1, fig. 1), is not present or is concealed, 
it is next to impossible to separate the two latter formations precisely. 
Furthermore, at Coudersport, in Potter County, along the west side of the 
town, in quarries, is a heavy, green member, 10 to 20 feet thick, about 100 
feet above the base of the Cattaraugus. This is here nominated the 
Coudersport member of the Cattaraugus. It is persistent in adjacent parts 
of Potter, Tioga, and probably McKean counties, and even as far away, 
perhaps, as Cameron, Clinton, Lycoming, and Sullivan counties. A useful 
key bed, with limitations, it, too, closely resembles the Oswayo, but is 
more massive and less cross-bedded. 

The Coudersport, eastern Oswayo (or Elk Mountain), and the green 
beds in the upper Cattaraugus are similar. Where the Pocono of Knapp 
has been eroded or at least is absent, it is often difficult to recognize the 
Oswayo in an incomplete section. Where sections are only partly exposed, 
or are barren, and the Panama and the Salamanca conglomerates cannot 
be found, it is almost out of the question to distinguish the three, greenish 
units. For this reason, the writer believes the idea, that the Oswayo in 
Tioga County is older than that in McKean, is unsubstantiated. Presum- 
ably, what was considered to be Oswayo in northern Potter and Tioga 
counties was green Cattaraugus, Coudersport, or—it is not impossible— 
a yet older development of this facies, which has not been identified. 
Sections farther south reveal the true Cattaraugus-Oswayo-Knapp rela- 
tions. The writer doubts if there is any true Oswayo (or Elk Mountain) 
in northeastern Potter or northern Tioga County. 


Honesdale sandstone——In the Honesdale sandstone, one of White’s 
terms *¢ is again adopted. He named the Honesdale sandstone, from good 
exposures at and near Honesdale, county seat of Wayne County, and 
recognized three divisions, a 25-foot upper, white sandstone, a 40-foot 
middle, red sandstone, and a 25-foot lower, gray sandstone. These are 
local in extent, and for the present may be ignored, although the middle, 
red member is a convenient datum in the type region. Greenish to gray 
flags are commonest and are much like the Elk Mountain, but lack the 
strong cross-bedding so characteristic of that formation. Red beds are 
not totally lacking from this formation beyond the type locality. The 
sandstones may weather nearly white. At the type locality, the Honesdale 
is nearly 100 feet thick, but is thicker, heavier-bedded, coarser to pebbly 
and usually gray in color southward so as to become practically identical 
with the Pocono in appearance. It maintains its continental character 


21, C. White: The geology of Susquehanna County and Wayne County, Pennsylvania, Pa. Second 
Geol. Surv., vol. G5 (1881) p. 59, 66-68. 
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and increases to 500 or 600 feet of gently northwest-dipping beds in the 
eastern escarpment of the Pocono Plateau. It turns west along the south 
edge of the Plateau and, as steeply dipping beds, rises in the south slope 
of Bear Mountain and the prominent ridge north of Packerton (see Mauch 
Chunk topographic sheet). Westward, this ridge becomes the southern 
summit of double-crested Second Mountain. Thence, farther west, the 
Honesdale sandstone gradually loses its ridge-forming propensities 
through thinning, although it is clearly recognizable along the Susque- 
hanna River, north of Harrisburg, in Dauphin and Perry counties. There, 
it forms a shoulder along the south side of Second Mountain and the north 
side of Peters Mountain (opposite limbs of a large syncline). Around 
the periphery of Cove Mountain, in Perry County (New Bloomfield and 
Harrisburg sheets) this shoulder is dissected out, as concentric Pine Ridge. 
It has not been unquestionably identified in the Susquehanna Valley north 
vf Peters Mountain, and is lost northeastward along that ridge. In the 
Susquehanna Valley, in Dauphin and Perry counties, it is a distinctly 
gray to greenish-gray, heavily bedded sandstone, usually carrying carbon- 
ized fragments of plants, probably unidentifiable. At low water, it can 
be seen as prominent ledges in the river bed. Possibly, this is the member 
which Claypole called the Dellville sandstone in Perry County.?7 West 
of Scranton, and between Pittston and Tunkhannock, the Honesdale 
gradually loses its characteristic color, becomes red, and merges with the 
Cherry Ridge, and perhaps the Damascus, as massive, red sandstones 
resistant enough to make small ridges. The great cliffs along the river 
above West Pittston are probably made up of a combination of red Hones- 
dale and Cherry Ridge sandstones. Though not distinguished so far 
south, the Honesdale is found northwest of the Northern Anthracite 
Field, in Susquehanna County and beyond. There, it, and the Elk Moun- 
tain as well, form small ridges or terraces skirting the coal basin. 

The Honesdale passes into marine beds farther west. A few marine 
fossils were found in the Susquehanna Valley, but they are rare until 
central Bradford County is reached. Near Franklindale Narrows, a fauna 
was collected from what is believed to be the marine Honesdale. It 
includes the following fossils: 


“Crinoidea,” columnals C. contracta Hall 
Stropheodonta demissa (Conrad) ? C. sp. 

Schuchertella chemungensis (Conrad) Cryptonella eudora Hall 
Productella lachrymosa var. stigmata Hall Spirifer disjunctus Sowerby 
Camarotoechia sappho Hall 8. mesacostalis Hall * 

C. stevensi Hall 


27 E. W. Claypole: A preliminary report on the palaeontology of Perry County, Pa. Second Geol. 
Surv., vol. F2 (1885). 
%8 It is not improbable that some of these may be S. williamsi Hall and Clarke. 
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Athyris angelica Hall L. becki Hall 

Grammysia elliptica Hall L. sociale Hall 

Sphenotus contractus Hall Schizodus sp. 

Leptodesma propinqua Hall Orthoceras sp. 

L. orcus Hall Pisces, undetermined spines. 


Another, much more limited, faunule was collected from these same beds 
to the north, along the highway west of Burlington. It includes: 


“Crinoidea,” columnals Cryptonella eudora Hall 
Fenestella sp. Spirifer disjunctus Hall 
Camarotoechia sappho? Hall (juvenile) Athyris ? 

C. sp. Phyllocarid, undet. 


Careful check of these faunules, with the ranges cited by Chadwick ?® for 
most of the species listed, demonstrates that they are post-Chemung 
(Productella lachrymosa var. stigmata, Athyris angelica, and Sphenotus 
contractus) , but their stratigraphic position is such that they cannot be far 
above the top of the Wellsburg. The presence of Cryptonella eudora, 
Spirifer mascostalis (or S. williamsi) in themselves restrict the age to not 
later than the Canadaway. The correlation of these exposures with the 
non-marine Honesdale, farther east, is established through intermediate 
sections. In eastern Bradford County and into Wyoming County, par- 
ticularly in the Susquehanna Valley, the Honesdale, where exposed in 
cliffs, tends to produce a peculiarly rough and craggy face that is con- 
spicuous and easily recognized. Even where marine fossils are present, 
the Honesdale suffers little lithologic change. The westernmost exposures 
of this phase were seen east of Troy and are the beds that carried the 
second faunule just quoted. 

The Honesdale fossils are closely allied with the fauna of the Luthers 
Mills coquinite, which will be discussed presently, but they are somewhat 
younger, coming close to the base of the red beds (lower Cherry Ridge), 
which is, therefore, correlated with the upper Canadaway. East of Troy, 
the Damascus red shale is also present, with a few marine fossils, all of 
which were too much comminuted for identification, with the exception of 
Spirifer disjunctus and Athyris angelica. Fragments of fish plates were 
also found. Some idea of the succession may be had from the following 
approximate section, between East Troy and Burlington: 


Feet 
100 


29 George H. Chadwick: Faunal differentiation in the Upper Devonian, Geol. Soc. Am., Bull., vol. 46 
(1935) p. 305-342. 
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Actual correlation has not been seriously attempted across northern Brad- 
ford County, but the Honesdale has been recognized north of Troy and 
it may continue as marine beds into northern Tioga County. This might 
lead to the supposition that the Honesdale was the correlate of the Cuba 
sandstone, but it is probably older. No Camarotoechia duplicata was 
found among its fossils. A careful faunal comparison is needed. These 
relations will be further discussed in connection with the New Milford 
formation and under the section, Pocono Question. 


Damascus red shale-—The Damascus red shale, a division directly 
beneath the Honesdale in northeastern Pennsylvania, was recognized by 
I. C. White, who called it the Montrose.*° The name had been used by 
Vanuxem, some forty years earlier.* Probably, in using it, White thought 
that he had the equivalent of Vanuxem’s Montrose.*? Evidence to dis- 
prove this has already been published.** Neither is the Damascus the 
equivalent of the Honesdale, as White believed, although both are corre- 
lated with part of the Canadaway group. His error seems to have resulted 
from confusing the Honesdale and the New Milford sandstones in central 
Susquehanna County, and his failure to appreciate fully the westward rise 
of the “Chemung.” White’s type locality was not well chosen, for at the 
town of Montrose, in Susquehanna County, the formation is rather poorly 
exposed. East and northeast of Honesdale, in Wayne County, it thickens. 
It crops out around Beach Lake (also written, Beech Lake) on the main 
highway, and thence north to, and along, the Delaware River, where it is 
well exposed near the town of Damascus, for which it is named. At Mont- 
rose, it is probably less than 100 feet thick (White gives 180 feet), but in 
central Wayne County that thickness is doubled, and it continues to 
thicken toward the Delaware River, forming a broad red band. Although 
outcrops are scattered among the heavy drift, it is thought to attain a 
thickness of fully 400 feet near Damascus, and it may be considerably 
thicker. The Damascus is identified with the red beds along the foot of the 
Pocono escarpment in Monroe County. It probably includes those along 
the southeastern shore of Lake Wallenpaupack. Here the drift is heavy, 
and correlation is confused by local faulting and tilting of the beds to an- 
gles abnormally high for this region. The Damascus thickens from Monroe 
County westward and presumably, though this is not readily established, 
makes up a large part of the red Catskill below the Honesdale west of the 


% TI. C. White: The geology of Susquehanna County and Wayne County, Pa. Second Geol. Surv., vol. 
G5 (1881) p. 59, 68. 
#11, Vanuxem: Fourth annual report of the Geological Survey of the Third District, N. Y. Geol. 
Surv., ann. rept. 4 (1840). 
Ibid., p. 67, footnote. 
% George H. Chadwick: Hamilton red beds in eastern New York, Science, n. s., vol. 77 (1933) p. 86-87. 
Bradford Willard: ‘‘Catskill’” sedimentation in Pennsylvania, Geol. Soc. Am., Bull., vol. 44 (1933) 
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Lehigh Valley. At the Lehigh River, 3000 feet of red beds are below the 
Honesdale, and at the Susquehanna River, they are still thick. In both 
places, they are assigned to the Damascus, and presumably the Shohola. 
White gave a thickness of 2000 feet for the “Montrose” along the Lehigh 
River,** but failed to differentiate the Honesdale clearly and so assigned 
1000 feet of red and interbedded non-red shale to the Cherry Ridge. 
These (his numbers 16-30) are here included in the Honesdale. Claypole 
assigned 6000 feet to the Catskill in Perry County,** too great a thick- 
ness by 1000 to 1500 feet, an error already explained and corrected by the 
present author.** One should note, however, that a Chemung fauna has 
been found some 500 feet above the lowest red beds in the Kings Mill 
sandstone in Perry County, so that the Damascus, which the writer will 
show to be of Canadaway age, must be included in the beds above that 
faunule. As the Shohola, the next continental element below the Damas- 
cus, is largely Chemung in age, it approximately equals the 500 feet of red 
beds below the Kings Mill sandstone. 

West of the southern half of the Northern Anthracite Field, where the 
Honesdale cannot be readily identified, the Damascus formation is insep- 
arable from the next higher red beds, the Cherry Ridge, a relation already 
mentioned in describing the Honesdale. Westward from Wayne County 
where the Honesdale separates the Damascus from the Cherry Ridge, the 
lowest red unit has a fairly constant thickness of some 100 feet. In 
eastern Bradford County it is still readily recognized in cliffs in the Sus- 
quehanna Valley southward into Wyoming County. In central Bradford 
County, at nearly the same latitude at which the Honesdale becomes 
marine, the Damascus also passes over from the continental facies. This 
change is visible along the valley of Towanda Creek and east of Troy. 
Fossils were collected, and are essentially the same as those noted from the 
Honesdale, though less abundant and diversified. The Damascus is the 
lowest persistent red division of the Catskill group. Because it is inter- 
mediate between the Honesdale and the top of the New Milford forma- 
tion and carries fossils closely allied to both, its age is reckoned as Can- 
adaway. In spite of its thickness eastward on the Delaware River, the 
formation is probably all of Canadaway age there, as will be shown in the 
discussion of the underlying Shohola formation. 


Shohola formation—Below the Damascus in Wayne and Pike coun- 
ties, particularly in the Delaware Valley, is a succession of continental 


%T, C. White: The geology of Pike and Monroe counties, Pa. Second Geol. Surv., vol. G6 (1882) p. 
79-80. 

3% FE, W. Claypole: A preliminary report on the palaeontology of Perry County, Pa. Second Geol. 
Surv., vol. F2 (1885). 

% Bradford Willard: ‘Catskill’ sedimentation in Pennsylvania, Geol. Soc. Am., Bull., vol. 44 (1933) 
p. 495-516. 
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beds, here named the Shohola formation, from Shohola on the Delaware 
River near the mouth of Lackawaxen Creek. The formation consists of 
two members, the thin Paupack above and the thick Barryville below. 
White named the Paupack sandstone from an exposure 25 feet thick, on 
Paupack Creek, near Hawley.*? It is also exposed in the creek below 
Wallenpaupack Lake dam at Hawley and at a number of places in Penn- 
sylvania, in abandoned quarries, as near Tedyuskung Lake and near Nar- 
rowsburg, New York. It is a massive, blue-green sandstone, gray- or 
brown-weathering, with a little, similarly colored shale. The type Paupack 
underlies White’s “Montrose” and, in turn, overlies 200 feet of red and 
green sandstones and shales which he described as “so uncharacteristic 
that I hesitate to propose a name for them.” ** The relations are seen in 
nearby areas. North of the Anthracite Fields, the Damascus overlies the 
New Milford formation, whose top there is early Canadaway in age. 
Therefore, in central Wayne County, where the Damascus is thin, the 
Paupack sandstone, being also just below the Damascus, equals the upper 
portion or perhaps the whole of the New Milford formation. Between the 
Paupack and the Delaware River flagstones on the Delaware River in 
Pike County, but better displayed across the river on the New York side 
in the vicinity of the town of Barryville, from which place it takes its 
name, is the newly distinguished Barryville member. It consists of over 
700 feet of olive and gray shales and sandstones, cross-bedded, weather- 
ing often to deeply pitted surfaces, and containing red interbeds and 
glomerate layers of mud chips and fish fragments (Pl. 1, fig. 2). Evi- 
dently, this member corresponds to, and is a thickened continuation of, 
the beds below the Paupack which so puzzled I. C. White. The Barry- 
ville and Paupack members are grouped together as the Shohola forma- 
tion, because these two fall naturally together between the red Damascus 
above and the underlying Delaware River formation, of known middle 
to late Portage age, below. They are of Chemung age, except for at least 
the upper part of the Paupack, which is probably early Canadaway. To- 
gether, they represent the entire marine Chemung to the northwest. In 
the marine representatives of the Chemung, the fauna survives the litho- 
logic change from the shaly lower Chemung (Cayuta, see Pl. 2) into the 
massive, sandy upper Chemung (Wellsburg) equivalent in the New Mil- 
ford formation. For this reason, the analogous change from the Barry- 
ville to the Paupack is probably also within the chronologic limits of the 
Chemung. 


371. C. White: The geology of Susquehanna County and Wayne County, Pa. Second Geol. Surv., vol. 
G5 (1881) p. 59, 68. 
38 Ibid. 
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The Barryville, as the continental correlate of the marine Chemung, 
has the lithologic habit of the later continental beds, becoming cross- 
bedded and red or greenish away from the marine environment. Most 
of the higher divisions of the Catskill group can be followed around the 
northern end of the Lackawanna syncline (Northern Anthracite Field), 
but the Shohola has not been so traced in Pennsylvania, for it extends 
into New York before bending around the nose of the syncline. Time 
did not permit a check of its distribution and correlation in New York. 
The formation passes under the Northern Anthracite Field and emerges 
to the northwest, in very different form, as the marine Chemung and the 
New Milford formation. In the Delaware Valley the Barryville member 
is distinguished from the underlying Delaware River flags, by its red 
interbeds and other lithologic features. 

The Shohola formation extends westward across Pike County. The 
Paupack is lost, and the Barryville either thins or becomes dominantly 
red and merges with the lower part of the thickened Damascus red beds 
and is not recognized beyond central Monroe County (along Brodhead 
Creek). This statement is based less upon actual field observations (the 
drift is heavy and these beds make no topographic expression) than upon 
the absence of its characteristic lithology along the Lehigh River. As 
noted under the description of the Damascus, the lower 500 feet of Cats- 
kill in Perry County is Chemung and, therefore, more or less equal to 
the Barryville, as the base of the red beds there is approximately at the 
Chemung-Portage contact. Therefore, as the base of the red bed rests 
upon strata of upper Portage age at the Lehigh River, part of the red 
beds of the Lehigh must belong with the Chemung and be correlated with 
the Shohola formation. 

It is curious that White drew up his Delaware River section so that 
the New Milford formation came below the Delaware River flags.*® This 
is attributable to his mistaken belief in marine Chemung in Pike County, 
an error corrected by Prosser,*° who showed that the Delaware River flags 
belong to the upper Portage. Had White not been so misled, he probably 
would have understood the correlation of the Paupack and the Barry- 
ville, and would not have been puzzled over the latter. 


Delaware River flags—White defined the Delaware River flags.** 
These are here referred to by the same name he proposed, thereby keeping 
his original designation. They attain a thickness of some 1500 feet on 
the Delaware River, north of Hawks Nest, New York, the type region. 


#1. C. White: The geology of Pike and Monroe counties, Pa. Second Geol. Surv., vol. G6 (1882) p. 73. 

4 C. S. Prosser: The Devonian system of eastern Pennsylvania and New York, U. 8. Geol. Surv., 
Bull. 120 (1895). 

41T. C. White: op. cit., p. 99-101. 
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White reported 1000 feet, but the writer would raise this figure by fifty 
per cent, basing his estimate upon fresh exposures along the new highway 
on the New York side and a re-interpretation of the limits of adjacent 
formations. These beds have been discussed previously, and Prosser’s 
determination of their Portage age corroborated.*? The advent of inter- 
bedded red above indicates the beginning of the Barryville member of 
the Shohola formation. The Delaware River formation itself consists 
of nearly unfossiliferous, greenish flags without red beds. In Pike and 
Monroe counties, it may rest upon marine Portage, the Trimmers Rock 
sandstone, or be separated therefrom, over part of the region, by a red 
element, the Analomink, which, however, is quite local. Prosser reported 
a few marine Portage fossils in the Delaware River formation on Brod- 
head Creek.** The author has discovered a similar, but more numerous, 
fauna farther west in Monroe County, in new highway cuts in the vicinity 
of Effort. White recorded 1200 feet of Delaware River flags along the 
Lehigh River,** part or all of which is marine. Beyond the Lehigh, the 
Delaware River and the Trimmers Rock formations, have not been clearly 
separated, both being fossiliferous, marine Portage. The Delaware River 
flags pass northwestward underneath the Anthracite Fields and do not 
reappear beyond, as there is no Portage known at the surface in northern 
Pennsylvania. There is little doubt that this formation equals the 
Oneonta of New York. 


Analomink red shale-—The Analomink is a local unit of 100 feet of 
red beds at its type locality, Analomink, in Monroe County. The writer 
named it recently.“ It is probably confined to Pike and Monroe coun- 
ties, except for doubtful identification on the New York side of the Dela- 
ware River, near Hawks Nest. White mistook it for his much younger 
New Milford red shale, from which it is separated by beds probably 
equal to the lower Chemung and upper Portage. It is valuable only as 
a ready means of recognizing the base of the Delaware River formation 
in this neighborhood. 


New Milford formation.—With this name, I. C. White treated the New 
Milford formation as a group of several subdivisions at New Milford, 
Susquehanna County, the type locality.“* These divisions are of local 
interest. Since White’s day, the New Milford has been studied exten- 


42 Bradford Willard: Portage group in Pennsylvania, Geol. Soc. Am., Bull., vol. 46 (1935) p. 1195- 
1218. 

#8C. S. Prosser: op. cit., p. 12-13, 76-77. 

“I. C. White: op. cit., p. 80. 

Bradford Willard: The Devonian system in Pennsylvania and New Jersey. Report prepared 
for the National Research Council (1935). 

#1. C. White: The geology of Susquehanna County and Wayne County, Pa. Second Geol. Surv., 
vol. G5 (1881) p. 59, 68-70. 
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sively by D.S. Harding, of Susquehanna. As a codperative observer for 
the Pennsylvania Topographic and Geologic Survey, Harding has turned 
in a number of detailed reports. His studies deserve attention. Only 
one of White’s subdivisions, the lowest, needs mention here. It is the 
basal red member. This is well exposed in a railroad cut at Kingsley, 
Susquehanna County, for which place it is named the Kingsley red shale 
member of the New Milford formation. It is found at a number of places 
in this region, where it is a convenient datum for measuring the interval 
up to the base of the Damascus red beds. The remainder of the New 
Milford, where the Kingsley member is present, may be, for convenience, 
referred to as the Lanesboro member, from its exposures near Lanesboro. 
In general, the Lanesboro member, or the New Milford formation as a 
whole, where the Kingsley is absent, consists of greenish to grayish flags. 
Some of them are massive; many are cross-bedded. The upper portion 
often produces cliffs. The maximum thickness in Susquehanna County 
is between 400 and 500 feet. Many good exposures, few of great thick- 
ness, are to be seen in an endless series of abandoned flagstone quarries and 
natural outcrops, a number of which the writer had the pleasure of visit- 
ing with Harding as guide. White considered the New Milford chiefly 
fresh-water in origin, but Harding has found marine invertebrates at 
intervals in the lower two-thirds, at least, if not higher. There are also 
plant remains, though probably few of them are identifiable. The Penn- 
sylvania Survey is obligated to Harding for a large collection of this 
material. From a study of the formation, the writer believes that the 
New Milford in the type region consists of alternating continental and 
marine beds distinguishable only by their fossils. The continental beds 
dominate at the top in the type region, but, to the west, pass over to 
marine facies. 

Passing beneath the Lackawanna syncline, the New Milford formation, 
as such, does not emerge to the east, but becomes the upper part of the 
Shohola formation. West of Susquehanna County, the marine portion 
increases, and the entire formation in central Bradford County takes on 
a “Chemung” type of lithology—i. e., gray to olive-green, brown-weather- 
ing, relatively soft sandstones and shales with marine fossils. The high- 
est portion of the New Milford, of the order of perhaps 100 feet, is prob- 
ably Canadaway. The rest may be Wellsburg. This statement is based 
upon observations on a fossiliferous band, the Luthers Mills coquinite, 
which is found, to the west, near the formation top, upon the fossils found 
by Harding in the formation in Susquehanna County, and upon the prob- 
able Cayuta age of the marine Chemung along the Susquehanna in the 
vicinity of Lanesboro. None of the faunas is abundant, however, and 
the remains from the New Milford formation are usually poorly preserved 


q 
4 
q 
3 


590 BRADFORD WILLARD—CONTINENTAL UPPER DEVONIAN 


and dominated by pelecypods. For this reason, the writer does not yet 
wish to issue the final word on the precise correlation of these fossils with 
the divisions of the Chemung of south-central New York; neither does 
he intend to draw the Chemung-Canadaway line sharply in the New Mil- 
ford formation. In fact, it would not be surprising to find that the Cana- 
daway-Chemung line was appreciably lower in the New Milford than has 
been suggested in this paper. Until more precise correlation of the lower 
part of the formation with the marine beds to the west is made, this ques- 
tion must remain unanswered. Such correlation probably can best be 
done by following the formations into New York. 

In northern Wyoming County, on the railroad at Lemon, doubtfully 
farther east, and thence west along the Susquehanna River, particularly 
near Lime Hill, south of Wysox in Bradford County, is a two- to three- 
foot coquinite, consisting of marine shales and some true limestone. Fos- 
sils are not well preserved and are poorly diversified, but the following, 
from the locality at Lemon, are characteristic of the deposit: 


Camarotoechia contracta Hall Cryptonella eudora Hall 
C. sappho Hall Spirifer disjunctus Sowerby 


Productella lachrymosa var. stigmata Hall is found in the Susquehanna 
Valley. All these occurrences are near the base of the red Damascus— 
that is, in the upper part of the New Milford formation. The similarity 
of this fauna to that already listed for the Honesdale in Bradford County 
is apparent. It is just as closely allied with that of the Luthers Mills 
coquinite, to be given subsequently. 

Williams and Kindie ** gave the name, Franklindale limestone, to a 
member which they found near Franklindale and at Towanda Narrows. 
This name was introduced to supplant the pre-occupied term, ‘“Burling- 
ton,” used by Andrew Sherwood **; for Williams and Kindle believed that 
their Franklindale equalled the “Burlington,” which was first described 
from an exposure some miles farther north, near Burlington, on the north- 
ern limb of the Towanda anticline (Franklindale is on the southern limb). 

Sherwood’s “Burlington” limestone at its type locality is actually a 
mass of broken shells, a shell breccia, cemented by red mud. For this 
type of deposit, the writer proposed the name, coquinite,“* and prefers to 
use that name in this case. Forty feet thick in central Bradford County, 
near Burlington, and presumably represented by thinner beds northeast- 
ward, near Rome and Le Raysville, it has been quarried and burned for 


47H. 8S. Williams and E. M. Kindle: Contributions to Devonian paleontology, U. 8. Geol. Surv., 
Bull. 244 (1905) p. 95-96, 130. 

4 A. Sherwood: The limits of the Catskill and Chemung formations [in Bradford and Tioga eoun- 
ties], Pa. Second Geol. Surv., vol. G (1878) p. 37-38. 
# Bradford Willard: Devonian faunas in Pennsylvania, Pa. Topog. Geol. Surv., Bull G4 (1932) p. 23. 
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lime. Despite the comminuted condition of the fossils, a reasonably 
thorough search yielded enough specimens to show that in many outerops 
the most common forms are Productella lachrymosa var. stigmata, Cryp- 
tonella eudora, and Spirifer disjunctus. Varieties of the last have been 
found, and species of Camarotoechia and Athyris sp. Its age is evidently 
Canadaway. 

The Franklindale limestone, on the other hand, according to Williams 
and Kindle, and from the writer’s observations, is more nearly a true 
limestone or a group of thin limestones. Furthermore, it is older than 
the “Burlington,” being probably late Chemung."? For these reasons, 
it is believed that the Franklindale is not the equivalent of Sherwood’s 
“Burlington.” For the type “Burlington,” the name, Luthers Mills coqui- 
nite, is suggested from a crossroads east of Burlington, Bradford County, 
near which place the beds are well exposed along the highway and have 
been worked. The Luthers Mills coquinite, not the Franklindale lime- 
stone, is thought to be the close equivalent of other similar coquinites 
found to the east. In northeastern Bradford County, the coquinite is 
at the base of the lowest red beds atop the New Milford or in the highest 
New Milford strata. The position of the base of these red beds (Damas- 
cus) probably varies slightly. Near Burlington it appears somewhat 
lower. Actually, the base of the red beds is higher westward, where the 
transition of the Honesdale and the Damascus to marine facies begins, 
as already described. Other marine beds may have been interpolated in 
the section in the lower portion between the Damascus and the Luthers 
Mills, or the marine equivalent of the former has thickened considerably 
westward. Assuming, then, that the coquinites at Lemon, Lime Hill, Le 
Raysville, Rome, Burlington, and other places, principally in eastern 
Bradford County, are essentially the same—for they are near the same 
zone and carry the same fossil species—they form a useful key bed for 
the upper part of the New Milford or the lowest recognized Canadaway. 

Beneath the New Milford in Susquehanna County is the fully marine 
Chemung, correlated with the Cayuta, the designation being extended 
upward to include a shale which I. C. White called the Starrucca.** This 
name applies to beds just under the New Milford, which the writer does 
not differentiate from the rest of the Chemung. The marine Chemung 
is the lowest formation found in northern Pennsylvania. White men- 
tioned what he called the Lackawaxen conglomerate,®* in the continental 


% Benjamin L. Miller: Limest of Pennsylvania, Pa. Topog. Geol. Surv., Bull. M20 (1934) p. 
244-245. 

51 This age determination has been confirmed by George H. Chadwick, letter of November 22, 1935. 

521. C. White: The geology of Susqueh County and Wayne County, Pa. Second Geol. Surv., vol. 
G5 (1881) p. 59, 70. 

581. C. White: The geology of Pike and Monroe counties, Pa. Second Geol. Surv., vol. G6 (1882) p. 
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beds at Lackawaxen on the Delaware River. The author has yet to find 
this type locality. White subsequently made much of it as a key bed,"* 
but he erred in trying to correlate local pebble-beds in fresh-water 
formations in the northeastern counties with marine conglomerates in 
northwestern and south-central areas. 

White may have been correct in suggesting that the red Kingsley shale 
at the base of the New Milford equalled the Mansfield iron ores found 
in eastern Tioga County.®® These ores and the Franklindale have caused 
confusion. Williams and Kindle ** placed the ores higher than the lime- 
stone, but Sherwood,*’ and later, Fuller and Alden,** considered them, for 
the most part, to be in the reverse order. The explanation, of course, was 
that the Franklindale was mistakenly identified with the “Burlington,” 
here renamed the Luthers Mills. The error may also have been due to 
structural conditions which were not understood at the time. Recent drill- 
ing for natural gas has showed sharp folding and faulting of hitherto 
unsuspected magnitude along the southern limb of the Towanda anti- 
cline, which is roughly parallel to the north side of Towanda Creek val- 
ley.5° The probability is that the Luthers Mills coquinite is not repre- 
sented by the thin limestones reported in eastern Tioga County, where 
the ores are developed, and that the ores disappear east of the Tioga-Brad- 
ford County line. As there is no good continuous key bed, it is difficult 
to see the relations of these two. The Luthers Mills coquinite is high in 
the marine beds, lying some 300 feet below the base of the continuously 
red portion of the section in central Bradford County. This is basal 
Cherry Ridge of late Canadaway or early Conneaut age. All except one 
of the principal ores, on the other hand, appear to be some distance farther 
down in the section—that is, “several hundreds of feet” below the base of 
the red beds. The older ones carry a fauna placed in the upper Chemung, 
because it is below the lowest Athyris angelica found, and the Franklin- 
dale is, likewise, typified by a fauna that is assigned to the upper Chemung. 
For these reasons, the Luthers Mills coquinite is placed above most of the 
Mansfield iron ores and the Franklindale limestone. 


%TI. C. White: The geology of the Susquehanna River region in the siz counties of Wyoming, Lack- 
awanna, Luzerne, Columbia, Montour and Northumberland, Pa. Second Geol. Surv., vol. G7 (1883); 
The geology of Huntingdon County, Pa. Second Geol. Surv., vol. T3 (1885). 

5 I. C. White: The geology of Susquehanna County and Wayne County, Pa. Second Geol. Surv., 
vol. G5 (1881) p. 95. 

SH. S. Williams and E. Kindle: Contributions to Devonian paleontology, U. 8. Geol. Surv., 
Bull. 244 (1905) pl. IV. 

57 A, Sherwood: The limits of the Catskill and Chemung formations [in Bradford and Tioga 
counties], Pa. Second. Geol. Surv., vol. G (1878). 

58M. L. Fuller and W. C. Alden: Description of the Elkland and Tioga quadrangles [Pa.], U. 8. 
Geol. Surv., folio 93 (1903). 

%®S. H. Cathcart: Geologic structure in the plateau region of northern Pennsylvania and its rela- 
tion to the occurrence of gas in the Oriskany sand, Pa. Topog. Geol. Surv., Bull. 108 (1934). It is 
interesting to note that in 1883 E. K. Claypole fully appreciated this structure [Geological notes, 
Am. Phil. Soc., Pr., vol. 20 (1883) p. 534-536]. 
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White © suggested that the Cascade sandstone of the lower Chemung 
in northeastern Susquehanna County was the equivalent of the Fall Creek 
conglomerate, described previously by Sherwood, in northern Bradford 
and Tioga counties.** This would appear unlikely if the Cascade sand- 
stone is truly lower Chemung, as supposed, for the Fall Creek has been 
correlated with the Cuba sandstone of the lower Conneaut group. As 
such, it should overlie the Luthers Mills, which is Canadaway. White 
placed the Fall Creek between 200 and 325 feet below the lower part of 
the New Milford formation. This, of course, cannot be correct, if it is 
correlated with the Cuba. When the writer visited the type locality for 
the Fall Creek, some years ago, he made only a meager collection of fos- 
sils and did not study the section minutely, but he is of the opinion that 
the Fall Creek conglomerate is more probably Canadaway than Con- 
neaut in age. In fact, it looks as if it came below the Luthers Mills 
coquinite (identification doubtful), perhaps 50 feet lower. “Looks are 
deceiving,” but, if this correlation be true, the Fall Creek does not equal 
the Cuba sandstone, but is considerably older. Perhaps White’s correla- 
tion of the Fall Creek with the Cascade was nearer the truth than is 
usually supposed. 


ALLEGHENY FRONT CORRELATION 


The writer has attempted correlation south, from McKean, Potter, and 
Tioga counties, to the Allegheny Front in Clinton and Lycoming coun- 
ties. This was prompted by having noticed while studying the Devonian 
in central and south-central Pennsylvania, in 1933 and 1934, that at, or 
near, the top of the Catskill, in several sections along the “Front,” there 
occurs a markedly cross-bedded, green, flaggy sandstone member. Realiz- 
ing that this was lithologically and stratigraphically much like the Os- 
wayo, he eventually found an opportunity, in 1935, to test the hypothesis, 
that here might be a key bed. The observations made are less detailed 
than others recorded in this paper; but, especially down the Sinnemahon- 
ing and the Susquehanna valleys, by way of Cameron County to Lock 
Haven, and also along Pine, Lycoming, and Loyalsock Creek valleys, 
to the east, results were obtained which appear to substantiate the earlier 
conception. 

The Knapp persists far enough south to tie in with the lower part of 
the basal member of the Pocono, the “Berea,” if, indeed, it is not actually 
the attenuated equivalent of that entire member. The Salamanca con- 
glomerate and fauna have been found as far south as northern Cameron 
County, and the conglomeratic zone itself, though barren, is thought to 


I. C. White: The geology of Susquehanna County and Wayne County, Pa. Second Geol. Surv., 
vol. G5 (1881) p. 76-79. 

61 A, Sherwood: The limits of the Catskill and Ch g formati {in Bradford and Tioga 
counties], Pa. Second Geol. Surv., vol. G (1878) p. 90. 
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continental formations across the Allegheny Plateau. 


be represented by a con- 
cretionary bed at the top 
of the red strata oppo- 
site Queens Run, above 
Lock Haven. There, in 
a roadcut, it is perhaps 
two feet thick, though 
slumping makes meas- 
urement difficult. In a 
small flagstone quarry 
nearby, it is overlain 
by barren beds of Elk 
Mountain lithology. 
What is probably this 
same concretionary zone 
has also been observed 
farther up the river val- 
ley. Furthermore, the 
Coudersport member is 
thought to extend as far 
south as northern Ly- 
coming and Clinton 
counties, but the Pan- 
ama conglomerate is 


_doubtfully found there. 


The red beds persist and 
thicken greatly down- 
ward, as can be seen 
from the increase south- 
ward of the interval be- 
tween the Coudersport 
and the top of the ma- 
rine Chemung (Fig. 2). 
These lower red beds 
may eventually be 
proved to be equivalent 
to the Damascus or other 
continental members to 
the east. No Honesdale 
was recognized in this 
section. As already 
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shown, the basal Catskill at Lock Haven is of Chemung age,* fossils being 
found some hundreds of feet above the base of the lowest red beds. This 
part of the Catskill facies is, therefore, more or less equal to the Shohola 
in the Delaware Valley and that part of the red beds beneath the Kings 
Mill sandstone in Perry County. As the Catskill is over 2000 feet thick 
(possibly 3000) north of Lock Haven, there remains at least 1000 feet, 
which must, roughly, equal the post-Chemung. As the Catskill thickens 
southward, the green beds at the top maintain their place (though prob- 
ably thinning or occupying relatively less of the section) in the top of 
the group to the Allegheny Front. Observations are admittedly scattered, 
but there is enough agreement in sections to correlate the top of the Cats- 
kill at the “Front” in Clinton County with the Oswayo or at least the 
upper part of the Cattaraugus red and green beds, in north-central Penn- 
sylvania. Whichever be the correct correlation, a disconformity here is 
deduced, for no Mount Pleasant was found. 

The conclusions should not be accepted without reference to work by 
members of the Second Survey of Pennsylvania, including that of Chance, 
Sheafer,** Sherwood,” and Sherwood and Platt,®* in Potter, Cameron, 
Clinton, and Lycoming counties. Of particular interest is the report of 
Chance. In his Part 2, he has left a truly remarkable bit of stratigraphic 
interpretation, considering that he did this work nearly sixty years ago 
and under handicaps which the modern geologist scarcely appreciates. 
Chance believed that the Pocono sandstone and conglomerate of the 
Allegheny Front passed northwestward into shales and that the lower 
part assumed a red facies similar to the Catskill, but was distinguished 
therefrom by the presence of plenty of non-red beds. This is an obvious 
conclusion, based upon measured sections and careful observations. How- 
ever, what he thought to be red Pocono, is now recognized as the upper 
part of the Cattaraugus and the Elk Mountain or Oswayo. He did not 
know that the Pocono thinned northwestward and that its base was prob- 
ably nearly contemporaneous throughout, and, furthermore, that the 
upper Cattaraugus and the Elk Mountain actually carry through as a 
recognizable unit, from the Allegheny Front to the northern areas, and 
that these are his “red Pocono.” 

Summing up the evidence as gleaned principally in the Susquehanna 
Valley in Clinton County, one finds that the Pocono formation is much 


€2 Bradford Willard: “Catskill” sedimentation in Pennsylvania, Geol. Soc. Am., Bull., vol. 44 (1933) 
p. 495-516; Chemung of thwestern P. ylvania, Pa. Acad. Sci., Pr., vol. 7 (1933) p. 148-159. 

63 H, M. Chance: The geology of Clinton County, Pa. Second Geol. Surv., vol. G4 (1880). 

Arthur W. Sheafer: [The township geology of] Cameron County, Pa. Second Geol. Surv., vol. RR, 
pt. II (1885) p. 1-60. 

@ A, Sherwood: The geology of Potter County, Pa. Second Geol. Surv., vol. G3 (1880). 

A. Sherwood and Franklin Platt: The geology of Lycoming and Sullivan counties, Pa. Second 


Geol. Surv., vol. G2 (1880). 
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like the eastern type, though somewhat finer-grained, thinner-bedded, 
and perhaps holding a larger shale increment. It overlies beds of Elk 
Mountain lithology, the contact being sharp. These may rest upon a 
concretionary zone, whose correlation with the Salamanca conglomerate 
is merely suggested. Below, the Cattaraugus is represented by red and 
green strata, for perhaps 200 feet, and these, in turn, overlie a thick red 
series whose lower part carries interbedded marine strata with Chemung 
fossils. In the eastern sections, particularly in the lower Susquehanna 
Valley, the Pocono-Catskill relations are different from those in Clinton 
County, in that no Elk Mountain is identified west of the Pocono Plateau 
in central Pennsylvania, although some red and green or gray alternation 
of beds is known in the upper Catskill. This is an important distinction. 
The presence of marine beds in the Pocono (Riddlesburg shale) in the 
Broad Top and adjacent sections implies a somewhat more remote posi- 
tion from source of supply of materials than for eastern Pocono where 
no marine beds are present. This supposition is supported by the reduc- 
tion in grain size, more shale, and thinner bedding westward. The 
Oswayo being Devonian in age, a thin remnant of highest Devonian beds 
may extend from Lycoming County southward probably into Bedford 
County, perhaps even as far as Maryland. It does not reach the lower 
Susquehanna Valley. Either it was supplanted by Catskill red facies 
or was cut out by the Mississippian-Devonian unconformity. The suc- 
ceeding Pocono along the Allegheny Front, with its dubious marine 
faunules, but apparently diagnostic plants, is. Mississippian; the green 
beds, which underlie the Pocono and which probably always have been 
mapped with it, are Devonian. 


THE POCONO QUESTION 


The questions, what constitutes the Pocono formation and where is its 
type locality, are closely allied with the present studies, and a brief sum- 
mary is pertinent.’ Data on the stratigraphy of the Pocono Plateau 
are a contribution only in that they cite details hitherto unrecorded, 
though probably well known. A careful study of the literature of the 
Second Pennsylvania Survey shows that that organization solved the 
“Pocono Question” and left adequate definitions of the Pocono formation 
and its type locality, with the determinations, also, of the ages of the 


® George H. Chadwick: Great Catskill delta, Pan-Am. Geol., vol. 60 (1933) p. 91-107, 189-204, 275- 
286, 348-360; What is “Pocono”? Am. Jour. Sci., 5th ser., vol. 29 (1985) p. 183-143. 
David White: The age of the Pocono, Am. Jour. Sci., 5th ser., vol. 27 (1984) p. 265-272. 
N. 8. Wagner: Terreplein geology of the Pocono Plateau, Pan-Am. Geol., vol. 63 (1935) p. 241-247. 
George H. Ashley and Bradford Willard: The use of the term Pocono, Science, n.s., vol. 81 (1935) 
p. 615-617. 
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rocks of the Pocono Plateau.® Lesley is credited with the introduction 
of the name, Pocono. The earliest official record of his definition is prob- 
ably that cited in the report of progress of the Second Survey for 1875, 
though that was not the year of publication.” In that volume, F. Platt 
states that the name was proposed by Lesley. Therefore, Platt, not Les- 
ley, presumably wrote the following definition, which Lesley may have 
edited: 

If No. IX be properly called the Catskill Formation because it forms the mass of 
mountains between the Hudson River and the Delaware, it is perfectly proper that 
the Gray Sandstone Formation, No. X, next above it, should be called the Pocono 
Formation, for it forms the mass of the great mountain plateau between the Delaware 
and Lehigh rivers. And both these great formations attain their greatest development 
in the mountains thus named. 


This definition was introduced to supplant the Vespertine, of Rogers, 
which, as a name, had no geographic status. The State Map” of 1858 
was drawn by Lesley for Rogers.” It records a large area of Vespertine 
sandstone, spread over most of the Pocono Plateau. The error of this 
mapping was demonstrated by I. C. White, who showed that the larger 
part of the rocks of the Plateau are Devonian, not Mississippian. This 
view, Lesley accepted,” and redefined the Pocono, thus: 

Therefore, to find any Pocono on the Pocono Plateau, one must go a number of 


miles to the north of the front edge of the plateau, where ridges of the lowest Pocono 
rock, the Mt. Pleasant conglomerate, remain uneroded. 


The writer’s only disagreement with this definition would be that the 
base should be drawn a little higher (300 to 400 feet) at the Griswolds 
Gap, not at the Mount Pleasant conglomerate. This very change, I. C. 


68 Chadwick has recently sent to G. H. Ashley and the writer the results of a painstaking study of 
the history of the use of the term, Pocono, which make it necessary to alter the conclusions of Ashley 
and Willard, loc. cit. The maps of Bradford and Tioga counties, dated 1876, probably did not appear 
until 1878 or 1879. 

@F, and W. G. Platt: Report of progress in the Cambria and Somerset district of the bituminous 
coal fields of western Pennsylvania, Pa. Second Geol. Surv., vol. H2, part I (1877) (?) p. XXVI. 
There are on file, with the State Survey, editions of the volume which lead one to believe that 
it was published in 1877. Although entered for copyright in 1876, it did not appear publicly then. 
The matter is academic and of little real importance, as the original definition was subsequently 
considerably modified. 

7 Henry D. Rogers: The geology of Pennsylvania (1858). In volume I (p. 304) Rogers wrote, ‘“‘The 
Moosic Mountain consists of the Vespertine strata dipping at a low angle North-westward, and 
between its Southern slope and Bethany, the chief formation exposed is the Ponent [Catskill] red 
sandstone.’”’ Twenty years earlier, in his annual report for 1838, Rogers had stated precisely these 
same views regarding the geology of the Pocono Plateau and adjacent mountains. Yet the map of 
1858 does not agree with the text. 

711. C. White: The geology of Pike and Monroe counties, Pa. Second Geol. Surv., vol. G6 (1882). 
This volume contains an illuminating ‘‘Prefatory Letter’ by Lesley, in which he traces the history of 
the term, Pocono, and redefines it to support I. C. White’s findings. See also volume X (1885) p. 
LXXIX. 

72 J, P. Lesley: A summary description of the geology of Pennsylvania (1892) p. xv. 
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White adopted a year or two later, as already noted.”* There is no rea- 
sonable doubt, then, that Lesley’s type locality for his redefined Pocono 
is essentially included in the Moosic Mountains. Strangely enough, 
although his definition is so clear and although he promised to publish 
the geologic map of Pike and Monroe counties to conform thereto, he did 
nothing of the sort. Instead, the map of these counties was drawn nearly 
as had been that part of the Rogers 1858 State Map. Such was the 
influence of the county map and of the succeeding State Map ™ of 1893, 
which continued the error, that it was never corrected. It still appears on 
the newest geologic map of Pennsylvania, that of 1931 (Pl. 2). 

Inspection of such pertinent topographic sheets as Ariel, Scranton, 
Stoddardsville, Wilkes-Barre, Pocono, and Mauch Chunk will show that 
the Moosic Mountains are merely an ill-defined, elevated area along 
the western portion of the Pocono Plateau. The lithology of the forma- 
tion supporting the Moosics is characteristic of the commonly accepted 
Pocono type of gray, continental sandstones and conglomerates with a 
small amount of shale and, rather rarely, a stray red lens. What of the 
fossils? None has been described from the type region, so far as the 
writer can ascertain, but David White recognized the Lower Mississippian 
age of the Pocono flora at the Lehigh River near Mauch Chunk.”® This 
observation has been corroborated by William Darrah, from Pocono 
plants he has studied from that section."* That the beds exposed at this 
locality and in the Moosic Mountains are equivalent Pocono, cannot 
now be denied. Lesley realized this when he quoted the series of sections 
compiled by Arthur Winslow, from Mauch Chunk north, chiefly along 
the Lehigh Valley Railroad, to Ashley, Pennsylvania.” The author has 
visited some of these sections and a number of others in the Moosie Moun- 
tains, and agrees with the Second Survey, always remembering that the 
base of the Pocono is now drawn at the Griswolds Gap, not at the Mount 
Pleasant conglomerate. 


737. C. White: The geology of the Susquehanna River region in the six ties of Wy J, 
Lackawanna, Luzerne, Columbia, Montour and Northumberland, Pa. Second Geol. Surv., vol. G7 
(1883) p. 46-47. 


™% J. P. Lesley: op. cit., accompanying map (1893). 

™% David White: The age of the Pocono, Am. Jour. Sci., 5th ser., vol. 27 (1934) p. 265-272, The 
writer discussed this problem with Dr. White before and after his article was published. He also 
had the pleasure of supplying Dr. White with several collections of plants from the Pocono of 
Pennsylvania, and discussed some of these with him personally. 

7 Letter of June 25, 1935. Mr. Darrah also has access to the collection of Lesquereux. 

7 J. P. Lesley: A summary description of the geology of Pennsylvania (1892) p. 1635-1641. Those 
unfamiliar with the local stratigraphy should use Winslow’s sections cautiously. Of interest here is 
the recent article by N. 8. Wagner: Terreplein geology of Pocono Plateau, Pan-Am. Geol., vol. 63 (1935) 
p. 241-247. This brief account of the Pocono near Mauch Chunk agrees with Winslow. The writer 
gives assent to Wagner’s major observations. Wagner’s mapping, if correct, is the most complete 
yet published for the Lehigh Valley above Mauch Chunk. 
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Because Lower Mississippian continental strata, known as the Pocono 
formation, as redefined by Lesley, are found on the Pocono Plateau, along 
its western border, the writer holds that the name should be.retained, at 
least until better reasons for change than can now be marshalled are 
available. Moreover, it may, and should, still be applied from the type 
locality, westward and southward, all through central Pennsylvania. The 
writer has shown the lithologic basis for its correlation,’* and David 
White *° showed that the plants carry the correlation even into Tennessee. 
The name, Pocono, has official standing, not merely in Pennsylvania, but 
in recent reports or maps of the State surveys of Maryland, West Vir- 
ginia, and Virginia, not to mention many. referenees to the formation in 
publications of the United States Geological Survey. To substitute the 
name, Moosic, now, as Chadwick has hinted,*® would produce confusion 
concerning a wide area where Pocono has had long standing and is well 
understood. Possibly, such a change may eventually be found advisable, 
but at present it is the writer’s conviction that neither he nor Chadwick, 
nor anyone else, has given sufficient study to the problem to undertake to 
offer such a change. 

Therefore, for the present, the Pocono should continue to be interpreted 
essentially as Lesley finally defined it and as observations dictate. In 
the stratigraphy of the Pocono Plateau are two thick, non-red, continental 
formations among the many. They are of nearly the same lithology and 
are in many respects indistinguishable. These are the Honesdale and 
the Pocono, and they may readily be confused if seen without a section 
showing their mutual relationship. Each overlies and is overlain by a 
thick red series, and each is a ridge-maker. The one is Devonian; the 
other, Mississippian. Confusion between these has haunted geologists 
in eastern Pennsylvania for generations. Now, the difficulty is removed, 
at least in the northeastern counties. Full credit here is given to Chad- 
wick, for the incentive, through his publications, to push on with the work 
that cleared up this confusion. However, the writer disagrees with Chad- 
wick in the final interpretation. 


DEVONIAN-MISSISSIPPIAN CONTACT 


The Devonian-Mississippian contact, from Wayne County west to the 
marine facies, is a disconformity. A similar statement is probably true 
regarding the relations from the Allegheny Front in Clinton County, north 
to McKean. Caster * recognized a faunal change and stratigraphic 


78 Bradford Willard: The Mississippian system in Pennsylvania. Report prepared for the National 
Research Council (1935). 

7 David White: Op. cit., p. 266-267. 

80 George H. Chadwick: What is “Pocono’’?, Am. Jour. Sci., 5th ser., vol. 29 (1935) p. 139. 

&! Kenneth E. Caster: The stratigraphy and paleontology of northwestern Pennsylvania, Part I: 
Stratigraphy, Bull. Am. Pal., vol. 21, no 71 (1934) p. 104. 
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break between the Mississippian and the Devonian marine beds in the 
northwestern counties. This he has shown through exhaustive studies of 
fossils and strata. The disconformity which he notes, the writer traces 
eastward into the non-marine facies. In continental sequence, the story 
is similar. Though lacking paleontologic corroboration, it has lithologic 
evidence. In north-central Pennsylvania, the basal Pocono, or Knapp, 
rests directly upon the Elk Mountain, or Oswayo, depending upon whether 
the latter be continental or marine. Eastward from McKean and west- 
ern Potter counties, the marine Oswayo becomes the fresh-water Elk 
Mountain, which is separated from the basal Pocono by an eastward- 
thickening wedge of red beds, the Mount Pleasant formation (Pl.3). The 
latter reaches as far east as the Pocono Plateau, but beyond that it has 
been eroded. Southeast from that area, to the Lehigh and the Susque- 
hanna rivers, the red beds below the Pocono may be Cherry Ridge or 
Mount Pleasant. Absence of the key formation, the Elk Mountain, pre- 
vents the separation of the highest red formations in this area. The 
author has presented evidence for the probable contemporaneity of the 
basal Pocono throughout that region.*? Absence of anything directly 
comparable to the Mount Pleasant along the Allegheny Front implies a 
disconformity there. 

Throughout all of the region of continental deposition where the Pocono 
rests upon red beds, there is a marked change in the dominant lithologic 
type at their contact. Where the Devonian ends in the Elk Mountain or 
nearly allied type, the change is less obvious, but long familiarity with 
the formation renders distinction fairly certain.** The writer has long 
entertained a feeling that this lithologic change in passing from the 
Devonian to the Mississippian continental formations is the direct ex- 
pression of a marked orogenic movement, which punctuated the close 
of the Devonian in Pennsylvania and neighboring regions east and south, 
and probably is to be matched with the Acadian disturbance of the 
Maritime Provinces. If such be the fact, the break between the Devonian 
and the Mississippian is all the more important. 

From these data, one concludes that the relation of the continental 
or marine Devonian to the continental or marine Mississippian over a 


8 Bradford Willard: The Mississippian system in Pennsylvania. Report prepared for the National 
Research Council (1985). 

81. C. White: The geology of the Susquehanna River region in the six counties of Wyoming, 
Lackawanna, Luzerne, Columbia, Montour and Northumberland, Pa. Second Geol. Surv., vol. G7 
(1883). On page 156, White makes the following statement which brings out clearly the lithologic 
differences between the Pocono and the non-red Devonian: ‘A decided change in lithology takes place 
at this horizon [Mt. Pleasant], all the sandstone beneath this red bed having that peculiar greenish- 
gray or bluish-gray cast which is so characteristic of the Catskill.” White speaks elsewhere of the 
cross-bedded character of the non-red Catskill as being specific of that group. An exception is made 
in the Honesdale of the escarpment of the Pocono Plateau, which is very like the Pocono. 
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large part of Pennsylvania is usually disconformable. Nowhere has an 
angular discordance of dips been seen. Nevertheless, the proof that, over 
a large part of the State, a well-recognized formation thins westward 
below, or is absent at, the contact, the indication of a sharp intersystemic, 
lithologic change, and the lateral passing of the continental beds of both 
systems into marine beds which are in disconformable relations, are all 
lines of evidence that speak for themselves. The break in deposition is 
probably as widespread as, if less spectacular than, that between the 
Mississippian and the Pennsylvanian in the same region. Into the Pocono- 
Pottsville hiatus of the northwest, the southeastward-thickening wedge 
of the red Mauch Chunk shale is interpolated. Its appearance, thus, is 
quite analogous to the behavior of the Mount Pleasant. This interpreta- 
tion eliminates generally the question of transitional Devonian-Missis- 
sippian beds. Now, all of the so-called “transitional beds” can be placed 
in the Devonian, and the base of the Pocono or the Mississippian-Devonian 
line can be drawn below the lowest, massive Pocono type of sandstone 
and conglomerate and above continuous red or green or alternate red 
and non-red beds. This contact is not everywhere at once apparent (as 
along the Susquehanna River, in Perry County, for example), but appli- 
cation of the above data to carefully measured sections should serve to 
locate it. 

An article by Chadwick ** expresses some novel ideas on correlation. In 
Figure 3, the writer has reproduced, in part, Chadwick’s interpretation 
of the Upper Devonian and the Lower Mississippian correlation, and, 
for comparison, has inserted a sketch of the interpretation, based upon 
his own findings. Chadwick’s ideas are evidently based upon the result 
of his studies of the behavior of the Catskill in New York, particularly 
in “eastern New York” (i. e., the Hudson Valley), not in Pennsylvania. 
In New York, with the great thickening of the Catskill eastward, the 
contacts, no doubt, rise and pass off skyward. If, however, one attempts 
to project an analogous explanation into Pennsylvania, Chadwick’s scheme 
does not agree with facts as observed. The writer is led to believe, even 
without Chadwick’s own statement,®* that this may be due to placing 
too much reliance upon the reports of others and to too little field work 
in Pennsylvania.*® 


8 George H. Chadwick: What is ‘“Pocono’’?, Am. Jour. Sci., 5th ser., vol. 29 (1935) p. 133-143. 

85 Ibid., p. 135. 

8 As these statements are being prepared, the writer has received Chadwick’s recent paper on the 
Summary of Upper Devonian Stratigraphy [Am. Midland Nat., vol. 16 (1935) p. 857-862]. As far as 
northeastern Pennsylvania is involved, this paper merely reiterates previous hypotheses, without con- 
firmatory field data. Also, mention should be made of Chadwick’s recent brochure [The name ‘‘Cats- 
kill” in Geology, N. Y. State Mus., Bull. 307 (1936)]. This is a voluminous compilation of data on 
the history of the term Catskill. It is valuable as a bibliography, but contributes little toward solving 
the present problems. 
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The writer’s understanding of the most important differences in inter- 
pretation follows. He believes that: 


1. There is Pocono of Mississippian age on the Pocono Plateau. Corre- 
lations, based on the sections by Winslow and I. C. White and determina- 
tion of nearby floras by David White and William Darrah, establish, with 


Taste 1—Changes in thickness 


> 

care: 
Mt. Pleasant 0-10} 10 | 475 | 345 596 | 400 | 350? 


Elk Mountain or Oswayo 250 | 325} 160 | 140 | 170 


Cherry Ridge or Cattaraugus | 300 | 350 | 800- | 800 | 400 | 465 | 500 | 275 | 375? 
1000 
Honesdale 0-100/0—200) 170 | 200 | 600 } 500 
Damascus 0-175} 125 | 160 | 400 [5107 
1500 
Shohola 725 | (?) 


Nore: Where these thicknesses may not agree exactly with those quoted in the text, it is because the 
text values usually are taken from a particular section. Those in the table are often averages of 
several sections. 


reasonable certainty, the Mississippian age of the Pocono in the Moosic 
Mountains. 

2. There is no great thickening eastward of the Catskill formations in 
Pennsylvania. The Mount Pleasant thickens between Tioga and Wayne 
counties, but that is exceptional, for most of the other formations are of 
nearly constant thicknesses, except for the increase of the Damascus 
in the Delaware Valley, which change is toward the Catskills. Con- 
versely, the Cherry Ridge, in sections studied in this report, is at its prob- 
able maximum in north-central Pennsylvania. There is a thickening 
southeastward, not eastward. Sections from Tioga to Perry and Schuyl- 
kill counties would more approximate Chadwick’s theory, but only as 
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far as increasing thickness goes. Tabulation of the thicknesses shows 
these changes, or, rather, lack of changes. 

Taking the total maximum thicknesses, from the top of the Mount 
Pleasant to the bottom of the Honesdale, one finds: 


Feet 
Wayne County and Delaware Valley..................0cecceeeeeeeees 1411 


The closeness of these totals needs no further comment. 

3. The base of the Pocono—that is, the Mississippian-Devonian con- 
tact—should be drawn essentially horizontally (synchronous), just as 
Chadwick drew the base of the Pennsylvania (Fig. 3). The base of the 
Pocono appears to be not far from isochronous throughout. It is against 
this surface, not the base of the Pennsylvanian, that the highest of the 
Devonian formations, the Mount Pleasant, is beveled. There is no pass- 
ing of red Catskill facies eastward and upward into gray Pocono facies 
(“white Catskill”). On the contrary, those formations of the Catskill 
group which have a Pocono-like lithology (primarily, the Honesdale) 
are distinct units, whose chief transition is westward into contemporaneous 
marine facies formations. 

4, All the continental Devonian units below the Mount Pleasant can 
be directly correlated with marine formations. Correlations are based 
on a long series of sections from the marine facies, across the northern 
tier of counties, eastward to the Delaware River. This further demon- 
strates that the successive formations of the Catskill group do not rise 
eastward. Their contacts, rather, form definite “horizontal” datum 
“planes.” These “planes” are essentially parallel to one another. Future 
refinements may cause some changes in these correlations, but they are 
approximately true. 

5. The nomenclature for the divisions of the Catskill, proposed by I. C. 
White, is sufficiently explicit to use with little change. Chadwick *’ pro- 
posed a series of names for portions of the Catskill equivalent of the suc- 
cessive marine formations. Most of these divisions of the red beds are 
so arbitrary that they cannot be distinguished in Pennsylvania unless 
they are actually traced into their fossiliferous equivalents. Until re- 
cently, the writer subscribed to Chadwick’s divisions of the Catskill, but 
he now abandons them. Chronologically, they may be applicable; 


81 George H. Chadwick: Hamilton red beds in eastern New York, Science, n. s., vol. 77 (1933) p. 
86-87. 
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stratigraphically, they are unsatisfactory. He proposes to adopt the 
names used in this paper, instead. These, essentially I. C. White’s, are 
terms for formations or other continental units, which can be lithologically 
distinguished far from their marine facies. At the same time, it is be- 
lieved that their marine correlates are as well, or better, established than 
those of the theoretic, but stratigraphically inseparable, continental divi- 
sions proposed by Chadwick. All the I. C. White names used and all 
new stratigraphic names proposed have been checked by M. Grace Wil- 
marth, whose help is greatly appreciated. 


SUMMARY AND CONCLUSIONS 


A means has been shown of establishing the Devonian-Mississippian 
boundary between continental formations in parts of Pennsylvania and 
that the two systems may be disconformably related. This boundary is, 
therefore, not always intergradational, as so long believed. The break in 
sedimentation between two lithologically dissimilar, continental forma- 
tions or groups of formations, the one early Mississippian and the other 
late Devonian, can be correlated directly, through actual field observa- 
tions, with a chronologically and stratigraphically identical break between 
the marine Mississippian and the Devonian in northwestern Pennsylvania. 

The final redefining of Pocono by J. P. Lesley, in accordance with the 
findings of I. C. White, is essentially the same as the conclusions here 
reached. The type locality for the Lower Mississippian, Pocono forma- 
tion, is found to be in the western border of the Pocono Plateau. The 
long-standing mistake in identity and interpretation of the stratigraphy 
of that region, is shown to have been avoidable. 

I. C. White’s divisions of the Catskill group in northeastern Pennsyl- 
vania are essentially correct. They may be adapted to modern stratig- 
raphy with few changes, none of them fundamental, as an empiric basis 
for subdividing the Catskill group of continental formations in north- 
eastern Pennsylvania. These divisions have been mapped and dated, 
with relative closeness, by projecting each unit generally westward through 
a long series of comparative sections until it passes over into marine beds 
with diagnostic fossils. The repetition, in section after section, of a 
group of four or more recognizable, successive, adjacent units throughout, 
and beyond, northeastern Pennsylvania furnishes a trustworthy means of 
correlation for the continental Upper Devonian. These correlations tie 
together northeastern Pennsylvania, the Pocono Plateau, and the central 
region of the Susquehanna Valley. Correlations are also suggested for 
the Allegheny Front. The whole is summed up in the following table: 
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The following table indicates the major continental-marine equivalents: 


Marine Continental 
Upper Conewango Elk Mountain 
Lower Conewango Upper Cherry Ridge 
Conneaut Lower Cherry Ridge 
Unper Canadaway Honesdale 
Middle Canadaway 
Lower Canadaway 
Chemung 
Upper Portage 


N. B.—The Shohola is, in part, the equivalent of the partly marine New Milford with the Luthers 
Mills coquinite at its top. The lowest Cherry Ridge may be upper Canadaway locally. 

To those who may question the foregoing conclusions: If they be 
familiar with the field, the writer gladly welcomes cooperative discussion 
and constructive criticism. If, on the other hand, they have done little 
or no field work in the region, but base their contentions upon the writings 
of others, he has but one answer—that of the venerable Desmarest— 
“Go and see.” 
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WALCOTT’S “PRE-CAMBRIAN ALGONKIAN ALGAL FLORA” 
AND ASSOCIATED ANIMALS 
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INTRODUCTION: 


In 1914, Walcott published? an admirably illustrated account of 
presumably algal structures from Proterozoic (Algonkian) strata in 
various parts of North America. Chief among these were representa- 
tives of six supposed genera and nine species collected by M. Collen 
from “the eastern slope of the Big Belt Mountains, 8 miles (12.8 km.) 
west of White Sulphur Springs, at forks of Birch Creek, Meagher County, 
Montana.” No detailed geologic data were given; and, though descrip- 
tions announced a prospective visit to the locality, no further publica- 
tions resulted. Hence, writers, such as Holtedahl,? discussing the nature 
of Walcott’s material, were forced to do so without the advantage of 
geologic information, and without the information that Walcott himself 
doubtless secured when he collected and observed the stratigraphic rela- 
tionships of the material on which his species were based. 

The writers’ first visit to the Newland algal locality, made in 1932, 


1C. D. Walcott: Pre-Cambrian Algonkian algal flora, Smithsonian Mise. Coll., vol. 64 (1914) 
p. 77-156. 

20. Holtedahl: On the occurrence of structures like Walcott’s Algonkian algae in the Permian 
of England, Am, Jour. Sci., ser. 5, vol. 1 (1921) p. 195. 
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was brief and resulted only in the discovery that the exposures lay 2.5 
to 3.5 miles distant from the forks of Birch Creek, that they did not 
include the Spokane formation, and that beds apparently of Newland 
age contained fossil brachiopods. In 1934, another visit was made pos- 
sible by a grant from the Geological Society of America. It resulted 
in adequate collections, most of which (including all figured specimens) 
are in the museum of Princeton University, and the formulation of these 
general conclusions: 

1. The Newland “flora” is Algonkian, occurring in strata identical with 
typical Newland of the Little Belt Mountains (type locality of the 
formation). 

2. The “flora” contains both organic and inorganic structures, the 
latter numerically predominant and present in the greater thickness of 
strata. 

3. Strata bearing brachiopods also are of Newland age. Though nu- 
merous faults affect the strata in which they occur, they are of small 
throw or follow bedding planes, and do not introduce Cambrian into 
the flexed Little Birch Creek monocline. 

This paper presents the data on which these conclusions are based, 
and briefly considers other fossils, mentioned by Walcott, which are of 
Siyeh and Spokane age. 


OCCURRENCE OF THE NEWLAND “FLORA” 


The Belt Series forms westward-facing cliffs along, and near, Little 
Birch or Butte Creek, in the northwest quarter, Section 15, Township 9, 
Range 4, Meagher County, Montana, about eight miles west of White 
Sulphur Springs; swinging southeastward into Section 22. Another, lower 
cliff lies northwest of Little Birch Creek. At these places, Belt rocks 
form a deeply flexed monocline, dipping at angles of 15 to 30 degrees 
away from the granite core of the Belt Mountains, affording a section 
which includes: Fost 


3. Greyson: Argillite and metargillites, blue-green to olive-brown, weather- 
ing to brown shaly slopes. Near the base, a pink to brownish quartzite 
or arkosic sandstone of variable thickness, with conglomerate lenses. 
2. New.anp: Limestone and dolomitic limestone with argillitic members; 
prevailing color a very dark blue-gray, weathering to lighter gray or 
buff. Chief zone of the Algonkian “flora.”........................... 2200+ 
1. CHAMBERLAIN: Argillite, siliceous metargillite, and quartzite, evenly and 
thinly bedded; light gray-green in prevailing color, with some brownish 
bands. Extend, with steepening dips, toward the crests of the moun- 
tains; on heights, are faulted and folded into the granitic core of the 
range. No fossils noted. Estimated thickness........................ 1800 
(Numbers 1 and 2 are cut by dikes, associated with a large post-Cretaceous 
granitic mass exposed near Birch Creek, on the road westward from White 
Sulphur Springs.) 
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Of these 7000 feet of sediments, only 2200 feet, the Newland forma- 
tion (‘“‘limestone” of Walcott) at present possess paleontologic interest. 
Attention may be concentrated on two series of strata within them. The 
lower contains the bulk of Walcott’s flora, as well as the brachiopods here 
described. The upper is characterized by extreme development of the 
supposed alga Greysonia, as well as by rare specimens of Lingulella. 

The lower series is exposed in a low cliff west of Little Birch Creek, 
and in the large cliff on its right (easterly) bank (PI. 1, fig. 1). 


Section A 
Feet Inches 


9. Limestone, dark-gray, weathering to brownish buff; shaly, arenaceous 6 

8. Limestone, dark-gray; very thinly bedded, with cross laminae and 
lenses of sand; shaly partings common......................0..05 6 

7. Limestone, gray, weathering to gray or buff; thinly bedded, arenaceous 
with ledges, up to 4 inches thick, which contain many laminae of 


6. Limestone, like No. 7 but with laminae, 0.12 to 0.25 inch in thickness, 

and sandy lenses, to 4 inches in 12 6 
5. Limestone, dark-gray, shaly, with much sand; beds, 3 to 6 inches thick. 


4. Limestone, dark-gray, regularly bedded but with many cross laminae, 
in beds, 6 to 9 inches thick, separated by shaly layers, 1.5 to 4 inches 
thick; many lenses of sandy limestone. Brachiopods found about 25 


3. Limestone, dark-gray, thinly laminated and fissile, with sandy beds, 3 


2. Limestone, dark-gray; shattered; major beds, 6 to 8 inches thick, 
composed of laminae, 0.5 to 1 inch in thickness. Beds are irregularly 
thickened; many of them contain coarse structures which Walcott 

1. Limestone, dark-gray, massive or in beds, 6 to 10 inches thick. Con- 
tains the bulk of the Newland algal flora; best shown northwest of 
Little Birch Creek. Here called the Newlandia zone.............. 9-14 


(Nos. 1 to 5 dip at angles of 15 to 17 degrees; nos. 6 to 9 show dips averaging 


22 degrees. No. 1 is underlain by black, shaly limestone which weathers to olive- 
brown clay and chips, forming a gradual slope, covered by vegetation.) 


The second section consists of strata separated from the first by sev- 
eral hundred feet of limestone and calcareous shales cropping out in 
ridges crossed by Little Birch Creek. It is of special interest because it 
includes the highest bed (No. 11) in which Lingulella was found, because 
it shows the extent to which the Newland departs from its designated 
nature of limestone,’ and because it furnishes seemingly conclusive evi- 
dence that Greysonia is an inorganic structure, resulting from differential 


8 Such departures from lithologic uniformity in the Belt Series are common, and make lithologic 
terms inadvisable in names. Thus, the Chamberlain ‘“‘shale’”’ is chiefly siliceous metargillite and 
quartzite, the Newland ‘“‘limestone’’ is largely shale and dolomite, the Altyn “limestone” contains 
much quartzite, and the Sheppard ‘“‘quartzite’’”’ is chiefly dolomite. 
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movement in thinly bedded, dolomitic limestones which contain some 
clastic material. It, therefore, is given in detail. 


Section B 
Feet Inches 

15. Granitic dike 
14. Shale, dark-gray, sandy, weathering to thin brown chips, very finely 

laminated; transition to Greyson formation. Dips, up to 30 de- 

grees, were observed. Estimated average.....................5. 30 
13. Shale, dark-gray, forming heavy ledges, but thinly laminated. Less 

coarse than No. 14. Weathers olive-brown. Measured........... 13 
12. Limestone, dark-gray, firm, in beds, 4 to 8 inches thick; forms a 

prominent ridge. Many shaly partings with sandy cross laminae 

11. Shaly limestone like No. 13. Contains a doubtful brachiopod...... 5 
9. Shale like No. 13 but darker and more evenly laminated........... 17 2 

. Limestone, single massive bed, undulating upper surface........... 6-10 


8 
7. Shaly limestone like No. 9, with large concretions sparsely distributed 4 10 
6. Limestone, dark-gray, in beds, 1 to 3 inches thick, with bands of 

laminae, 0.15 inch or less in thickness......................0000-5 5 6 
5. Limestone, thickly bedded and laminated, with poor “Greysonia”.. 3 3 
4. Limestone, thick-bedded, irregular, with many vasiform structures. 


3. Limestone, dark-gray. “Greysonia” at right angles to that seen in 

2. Nodular limestone, slickensided, with many low-angle faults....... 8 


1. Limestone, thinly bedded, black, shaly. To bottom of ravine. 


PSEUDO-ALGAE AND ALGAE 
Greysonia and Copperia 


Walcott established the genus, Greysonia, for structures characterized 
by “irregular, cylindrical or tubular growth with relatively thin walls. 
. . . The tubes are large, irregularly rhomboidal or pentagonal in section 
with the interior now filled in with a dark bluish-grey limestone.” ¢ 
He concluded that the tubes grew more or less parallel to the bottom 
but in some instances were upright. On a later page,> Walcott founded 
Copperia for similar structures whose only stated differences were greater 
irregularity of growth and more nearly “circular” (cylindrical) tubes. 

Study of numerous specimens, in both field and laboratory, shows that 
(1) the same irregularities of growth characterize both; (2) the shapes 
of the tubes are essentially the same; (3) the “irregularly oval and 
round, concentrically marked forms that appear to be the fillings of the 
ends of the tubes” are found among, and are continuous with, both 
angular and cylindrical tubes. The writers, therefore, conclude that the 


4C. D. Walcott: op. cit., p. 108. 
5 Op. cit., p. 109. 
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Ficure 1—Specimens from Greysonia layers 


A.—Changed orientation in “Greysonia” on the axis of a minor fold. Width of area shown, 
about two feet; stippled parts dolomitic. 

B.—Development of “Greysonia” and vasiform cone-in-cone structures below a minor fold, with 
horizontal displacement. 

C.—Succession of “Greysonia’” and other structures. Thickness of section, about 34 inches; 
stippling indicates dolomite. 

D.—Field drawing showing the lamination plane continuous through several “‘Greysonia” struc- 
tures. X0.5. 

E.—Cross-section of “Greysonia,” showing lamination planes passing through several structures, 
some of which are continuous and others both continuous and oblique. Stippling indicates dolo- 
mite. X0.5. 
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“genera” are identical; if either is retained, it should be the first de- 
scribed—Greysonia. 

They believe, however, that both may be abandoned. Typical Grey- 
sonia cylinders merge laterally into slightly undulating laminae, and 
these into undisturbed laminae. Lamination planes commonly can be 
traced through cross-sections of “tubes” (Fig. 1, D and E). There is 
both vertical and horizontal intergradation of the tubes and nodular 
structures, though, in many cases, layers of nodules underlie, but are 
distinct from, the horizontal “tubes” (Fig. 1, C; Pl. 2, fig. 1). It is 
such nodules, rather than true “tubes,” that give the impression of 
verticality mentioned by Walcott. 

Superficially, some specimens of “Greysonia” suggest deformed ripple 
marks, but, in all cases where they have been found, they are associated 
with folds and abundant low-angle faults of small throw, many of which 
coincide with bedding planes. One fold, in beds containing “Greysonia” 
and associated structures, is shown in Figure 1, B. It is typical, in that 
deformed beds have slipped over undeformed, the latter containing struc- 
tures even more perfect than those figured by Walcott as Copperia, and 
grade downward into “Greysonia,” nodules, and ridges. The sequence 
thus indicated is general: near the zone of slipping the “tubes” are most 
perfect, most uniform in size and orientation, and lie at right angles to 
the direction of movement. Downward, they become coarser, irregular 
in size and direction, incomplete, and finally mere rounded ridges on the 
upper surfaces of layers or minor beds. In some cases, the last are 
replaced by the columnar or vasiform structures (Pl. 1, fig. 2; fig. 1, B 
and C) which seem to be only greatly elongated nodules comparable to 
those shown in Plate 2, figures 3, 4. 

This sequence is present only where planes of deformation are several 
feet apart. Commonly, they affect every structure, in conflicting direc- 
tions, so that the “tubes” show varied orientation. In other cases, direc- 
tion of movement is essentially uniform, producing alternations such as 
are shown in Figure 1, B. 

The writers, therefore, consider “Greysonia” to be the result of segre- 
gation of calcium carbonate and dolomite by percolating waters, under 
the combined influence of pressure and movement. This process has 
operated extensively in the Siyeh, a northerly equivalent of the Newland, 
producing rare structures comparable to the tubiform phase of “Grey- 
sonia” and abundant ones whose orientation is virtually that of the 
“tubes” in Walcott’s plate 18, figure 1. These have been discussed by 
Daly, under the term, “molar tooth structure.”* The writers have 


®R. A. Daly: Geology of the North American Cordillera at the Forty-ninth Parallel, Can. Dep. 
Int., Rep. Chief Astronomer, vol. 2 (1913) p. 74-76. (Also issued as Mem. 38, Can. Geol. Surv.) 


: 
20), 
3 
q 
cae 
: 
2 
: 


PSEUDO-ALGAE AND ALGAE 615 


nothing to add to his conclusions, though more detailed descriptions will 
be given in a later paper on the Glacier Park facies of the Belt Series. 


Kinneyia 


In the monospecific genus, Kinneyia,’ Walcott grouped structures that 
seem to have the same origin as “Greysonia,” though they are much 
smaller and show wrinkles rather than cylinders.. Definite segregation 
of dolomite and calcium carbonate appears in cross-section. The writers 
conclude, therefore, that Kinneyia is inorganic. 


Camasia 


The one species, spongiosa, of Walcott’s genus, Camasia,® forms a con- 
tinuous bed, about 6 inches thick, lying above the Newlandia zone. It 
consists of dolomite and limestone, irregularly spaced or in subparallel, 
oblique but irregular laminae, which become horizontal in the upper part 
of the specimen shown on Plate 3, fig. 1. The upper surface bears mounds 
and pits, but is not botryoidal. 

The writers consider these laminae, which in some specimens figured 
by Walcott give way to spongoid intercalations, to be the results of 
algal deposition. Near the top of the Newland, however, are thinly 
laminated strata, marked by nearly vertical alternating bands of black 
limestone and grey dolomite (Pl. 2, fig. 5), which are the result of segre- 
gation, and it is conceivable that Camasta is of similar origin. 


Newlandia 


Newlandia Walcott ® consists of “more or less irregular hemispherical 
or frondose forms built up of concentric, subparallel, subequidistant thin 
layers that may be connected by very irregular, broken partitions.” 
The comparative coarseness of the laminae and the radial structures 
(“irregular partitions” of Walcott) are characters which distinguish the 
genus from Collenia. Walcott designated Newlandia frondosa as the 
genotype, and stated that concentrica might be conspecific. N. concen- 
trica and N. major show no structural peculiarities and intermingle with 
N. frondosa; the writers consider them to be identical with it. WN. 
lamellosa is characterized by fine laminae, and, on morphologic grounds, 
the writers are retaining it, though it may well be only a growth form 
of frondosa. Excellent and extensive exposures of Collenia have made 
it possible to find intergradations among forms more distinct than these. 


7™C. D. Walcott: op. cit., p. 107. 
8 Op. cit., p. 115. 
Op. cit., p. 104. 
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Collenia 


Collenia Walcott *° is characterized by relatively thin laminae that 
lack the radial structures of Newlandia. It occurs in irregularly dome- 
shaped, turbinate or massive bodies. The writers consider it to be an 
alga and have discussed it in detail.** Collenia undosa (which does not 
occur at the locality affording types of Newlandia) is the characteristic 
fossil of the Spokane shale, northward into Alberta. C. frequens Walcott 
and C. compacta are typical fossils of the Siyeh (—Newland) of the 
Glacier Park facies of the Belt. The writers have not found them near 
White Sulphur Springs. 


FOSSIL ANIMALS OF THE BELT SERIES 
BRACHIOPODS 


Though Walcott considered Beltina to be the remains of crustaceans,” 
subsequent studies '* have shown it to be partly inorganic (segregated 
carbon) and partly the broken fronds of soft thallophytes, probably 
brown algae. Publication of these conclusions left the Belt without 
known remains of animals, so that special interest attended the dis- 
covery,'* in 1932, of eleven poorly preserved oboloid brachiopods in beds 
some thirty feet above the Newlandia zone. Search in 1934 disclosed other 
specimens in the same horizon and locality, as well as a few from higher 
strata. 

Lingulella montana n. sp. 


(Plate 3, Figures 4-5) 


Description.—Pedicle valve acuminate, the umbonal margins forming uangies ot 
32 to 38 degrees in neanic stages, 38 to 45 degrees in ephebic, and 45 to 55 in 
gerontic. In the course of this widening, they become slightly concave. Margins 
of the umbonal two-thirds of even gerontic shells form angles of 45 to 48 degrees 
if this irregularity is ignored. Margin of the anterior third of each shell is hemi- 
ellipsoidal in all but gerontic stages, where it may be almost semicircular. Surface 
marked by concentric wrinkles that become relatively coarse and widely spaced 
in gerontic areas. Radial striae absent or indistinguishable. Brachial valve unknown. 

Neanic specimens of Lingulella montana show umbonal acuteness comparable to 
that of L. exigua (Matthew), but are distinguished from neanic members of that 


0 C. D. Walcott, op. cit., p. 110. 

uC. L. Fenton and M. A. Fenton: Algae and algal beds in the Belt Series of Glacier National 
Park, Jour. Geol., vol. 39 (1931) p. 682-685; Algal reefs or bioherms in the Belt Series of Montana, 
Geol. Soe. Am., Bull., vol. 44 (1983) p. 1139-1142. 

2C. D. Walcott: Pre-Cambrian fossiliferous formations, Geol. Soc. Am., Bull., vol. 10 (1899) 
p. 238-239. 

13—D. White: Study of the fossil floras in the Grand Canyon, Arizona, Carnegie Inst. Wash., Year 
Book, no. 28 (1929) p. 393. 

C. L. Fenton and M. A. Fenton: Algae and algal beds in the Belt Series of Glacier National 

Park, Jour. Geol., vol. 39 (1931) p. 686. 

46C. L. Fenton and M. A. Fenton: Oboloid Brachiopods in the Belt Series of Montana (abstract), 
Geol. Soc. Am., Bull., vol. 44 (1933) p. 190. 
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species by the highly curved anterior margin. Ephebic stages of the two species 
differ in width, acuteness of lateral margins, and anterior curvature. From species 
with the shape of L. martinensis Matthew, L. montana is disinguished by: acuteness 
of umbos, moderate ephebic width, and high curvature of the anterior margin. It 
more closely resembles L. ampla Owen in the region of late ephebic and gerontic 
growth, but is distinguished by narrowness of the neanic shell, which approximates 
the gerontic and ephebic characters of L. nanno Walcott. Thus, though individual 
characters at selected stages resemble characters of several Cambrian species, those 
of L. montana as a whole seem unique. To these distinctive features, size may 
be added, as indicated by these dimensions of gerontic specimens: Length of 
pedicle valves (restored), 37 and 28 millimeters; widths, 21 and 17.5 millimeters. 

Remarks—tThere has been slipping along some of the bedding planes bearing 
these brachiopods, with consequent wrinkling and secondary segregation of dolo- 
mite in the shells. Dolomite films seem to account for the sharpness with which 
the shell outlines project from weathered layers, but there is no suggestion that 
the entire structure is inorganic. 

Occurrence—Middle to upper Newland formation in cliffs along Little Birch 
Creek, NW quarter, sec. 15, T. 9, R. 4, Meagher County, eastern slope of the 
Belt Mountains, some 8 miles westward from White Sulphur Springs, Montana. 
Found most abundantly in zone 4 of Section A; found also in zone 9, in shaly 
beds between the strata, of Sections A and B, and doubtfully in Number 11 of the 
latter. 

Holotype, No. 40767; paratypes, Nos. 40768-40770, Princeton University. 


BURROWS, TRAILS 


No burrows were found in Newland strata, or in the formations above 
and below. They, also, have been sought unsuccessfully in the Siyeh and 
the Spokane strata bearing algae described by Walcott. Three speci- 
mens of burrows, however, were found in the basal Siyeh (Collenita sym- 
mertica zone), together with one specimen interpreted as the trails of 
pelecypods. These are discussed in detail and illustrated in the forth- 
coming paper by the writers, on the Glacier Park facies of the Belt 
Series. 


West Liserty, Iowa. 
MANUSCRIPT RECEIVED BY THE SECRETARY OF THE SocieTy, Decemser 29, 1934. 
Reap BeroreE THE Society, Decemper 27, 1934. 
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EXPLANATION OF PLATES 


1 
NEWLAND STRATA 


Figure 1—Upper surface of a typical bed of “Greysonia,” showing “cylinders” both 
regularly and irregularly arranged, with gradation into nodules. 

Figure 2—Section of a ledge containing “Greysonia” and associated structures. 
At the upper right are cross-sections of “Greysonia”; in the middle 
are longitudinal sections of similar structures, at right angles to those 
above; at the bottom are vasiform structures. Compare with 
Figure 1, C. 
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2 
NEWLAND ROCKS 


Figure 1—Irregular arrangement of subangular “cylinders” and nodules. X0.5. 

Figure 2—Typical “Copperia.” X05. 

Figure 3—“Greysonia” nodules with concentric markings that Walcott interpreted 
as the closed ends of the cylinders. X0.5. 

Figure 4—“Greysonia” in the nodular phase, with a hint of a cylinder extending 
from one. Cylinders are conspicuous on under surface of this speci- 
men. X05. 

Figure 5.—vVertical segregation of lime and dolomite. X05. 
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3 
NEWLAND ROCKS AND FOSSILS 


Figure 1—vVertical section of Camasia spongiosa Walcott, showing the subparallel, 
oblique laminae that become horizontal in the upper part. 0.75. 

Figure 2.—Irregularly arranged cylinders of “Greysonia,” with sharp crests and 
nodules. X05. 

Figure 3—Reverse of the same specimen, showing nodules that might be mistaken 
for vertical cylinders. Light areas represent slickensides. Thickness 
of this specimen ranges from 10 to 15.5 millimeters. X0.5. 

Figure 4—Lingulella montana n. sp. Two paratypes, the larger showing the con- 
centric surface markings. Beaks have been restored. X1. (40769- 
40770, Princeton University.) 

Figure 5—Lingulella montana n. sp. Large specimen is the holotype. Shows the 
general shape and concentric marking. Outlines have been empha- 
sized, but the surfaces have not been retouched. X1. (40767-40768, 

Princeton University.) 
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the slate portions of the varves are dark. 


Is are light-colored 


Several gradations between the two members of the varves are shown, indicating that the top of the beds is to the right. 


the coarser silty mate’ 


VARVED SLATE EXPOSURE 


The beds (Minnitaki Lake, Loc. 1) are nearly vertical 
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INTRODUCTION 


In 1928, 1929, and 1932 the writer made a study of the Abram series— 
a “Timiskaming-type” series of early pre-Cambrian age—which has a 
widespread distribution in northwestern Ontario.1_ The most character- 
istic feature of this series is a thick conglomerate of terrestrial origin. 
Associated with these coarse clastics are graywackes, siltstones, argillites, 
iron-bearing formation, and tuffs. It is the purpose of this paper to 
describe in greater detail the banded argillites, which were restudied 
in 1934,? to discuss further their probable origin, and to place on record 
some pre-Cambrian varve-thickness measurements. 


BANDED SLATES AND ASSOCIATED STRATA 


The slates with the most perfect banding are exposed on the islands 
and mainland of East Bay of Minnitaki Lake, district of Kenora, in 


1F. J. Pettijohn: Conglomerate of Abram Lake, Ontario, and its extensions, Geol. Soc. Am., Bull., 
vol. 45 (1934) p. 479-506. 

2 The restudy was made possible by a grant from the Penrose Bequest of the Geological Society 
of America, which is gratefully acknowledged, and by the able assistance of Mr. R. M. Grogan. 
In 1935, further study was made under a grant from the National Research Council. Some amend- 
ments were made to the original study as a result of this work. Acknowledgment and thanks for 
this aid are here given. 
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northwestern Ontario (Fig. 1). The stratigraphy of this area has been 
imperfectly known, owing to the complex nature of the structure in which 
the slates and associated strata are involved. In 1935 the geologic 


NORTHEAST 


Ficure 1—Sketch map of a portion of Minnitaki Lake, District of Kenora, Ontario 
Showing localities referred to in text.: 


succession * was worked out in some detail. The sequence of formations 
was determined to be: 


PLEISTOCENE 
5. Glacial drift 
Unconformity 
Earty Pre-CAMBRIAN 
4. Post-Abram intrusives (granite, quartz diorite, basic sill-dikes) 
3. Neepawa volcanics (andesite porphyries and pyroclastics) 
Unconformity? 
2. Abram series 
(c) Graywacke-slate formation 
(b) Varved slate formation (with some interbedded 
graywacke and conglomerate) 
(a) Quartz porphyry conglomerate and white arkosite 
(with much interbedded slate) 
Unconformity 
1. Pre-Abram volcanics (“Keewatin”) (acid and basic lavas) 


* The detailed stratigraphy and evidence for the succession given here is discussed by the writer 
in Geology of East Bay, Minnitaki Lake, District of Kenora, Ontario, Jour. Geol., vol. 44 (1986). 
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Both series of volcanics and the intervening sediments are intensely 
folded and faulted. 

The slates are interbedded with coarse conglomerates and coarse arko- 
sites. The conglomerates are thick, rudely stratified, and contain numer- 
ous boulders of quartz porphyry and greenstone and a few boulders of 
granite. Many slate pebbles and even large boulders, which show a 
somewhat distorted banding and are probably of intraformational origin, 
were also noted in these conglomerates. The matrix of the conglom- 
erate and the arkosites is of coarse grits composed largely of feldspar 
and a little quartz. The intercalation of these clastics and the slates 
is unusual. A thin slate bed, containing as few as half a dozen varve- 
like layers, separates two massive and nearly structureless conglomerates 
or pebbly arkosites. A detailed bed-by-bed measurement across 485 
feet of vertical-standing strata showed about 17 beds of banded slate, 
totaling 227 feet, separated by arkosites and coarse pebbly grits (Loc. 1). 

The slates themselves present a striking ribboned appearance (PI. 1). 
The individual layers are varve-like couplets. The lower half of each 
is a white-weathering siltstone of fine grain, which grades upward into 
a dark, very fine-grained slate. The two halves of each couplet are 
approximately of the same thickness, though in the thicker layers the 
coarse silt portion, often sandy in the thickest layers, is predominant. 
In any given exposure, the thickness of the individual bands is fairly 
uniform. Fluctuation in thickness from layer to layer, in a manner much 
the same as that shown in Pleistocene glacial varved clays, is char- 
acteristic. These variations may be shown graphically‘ in the same 
manner that De Geer devised to portray the thickness fluctuations in 
late glacial clays (Fig. 2). Inspection of the curves shows the varia- 
tion in thickness (range) to be small, the average thickness of the 
layers to be two or three centimeters, the fluctuations of the total thick- 
ness to be largely a function of the fluctuation of the thickness of the 
white silt or coarse fraction, and a nearly equal thickness for the two 
members of each couplet. 

In some layers, particularly those which are of exceptional thickness, 
the lighter siltstone portion is finely laminated. The paper-thin lamina- 
tion is in some places distorted or crumpled, though such disturbances 
do not extend to the overlying layers.’ In a few layers, thin white silt 
seams appear in the upper, or slaty, portion, so that one is in doubt 
as to whether one or two couplets are represented. 


* Accurate measurements were facilitated by the smooth glacial pavements across the vertical beds. 
5R. W. Sayles: New interpretation of the Permo-Carboniferous varves at Squantum, Geol. Soc. 
Am., Bull., vol. 40 (1929) p. 541-546. 
R. C. Wallace: Varve materials and banded rocks, Roy. Soc. Can., Tr., 3rd ser., vol. 21, sec. 4 
(1927) p. 109-118. 
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ORIGIN OF THE SLATES 
IS THE BANDING ANNUAL? 


Are these ribboned slates truly varved? Are they glacial varves? It 
does not seem possible to answer either question conclusively. Sayles,* 
after a careful study of both the Pleistocene glacial clays in the Con- 
necticut Valley and the Permian Roxbury conglomerate series, said: 
“It is too soon, perhaps, to affirm that seasonal banding exists in the 
slate, although the similarities in the slates and clays are beyond ques- 
tion.” Such a conclusion applies equally well to the banded slates here 
described. The special characteristics of seasonal stratification in the 
Pleistocene clays have been most carefully described by De Geer,’ 
Berkey,® Antevs,® Sauramo,’°® Ellsworth and Wilgus,” Sayles,’? and many 
others. Certain features of these deposits are reproduced in the Minni- 
taki slates. In summary, these are: (1) the paired silt-slate layers or 
couplets; (2) the gradation from the light-colored silt upward into the 
associated dark slate, and the sharp demarcation between each couplet 
and the overlying layer; (3) the uniformity of thickness of the layers; 
(4) the order of magnitude of the thickness; (5) the fluctuation in thick- 
ness from layer to layer, which is a function of the variation in thickness 
of the silt fraction alone (the slate portion is of more nearly constant 
thickness) ; (6) the laminations in the thicker silty portion; and (7) the 
“contemporaneous deformation” of the silty beds. 

This evidence does not, of course, constitute final proof that the 
rhythm is annual. Barrell,}* in his discussion of rhythms in sedimen- 
tation, describes slates of Hudson River age in eastern Pennsylvania, 
which are ribboned. Each rhythm is formed by “soft black mud overlain 
by a band of nearly clean sand.” Barrell concluded that because of the 
“fine-grained character of the sediment, the wide area of formation, 
and the abundance of carbon the sediment must have been deposited 
slowly” and that “the thickness of the beds, ranging from several inches 


®R. W. Sayles: Seasonal deposition in aqueo-glacial sediments, Mus. Comp. Zool., Mem., vol. 47 
(1919) p. 1-67. 

7 Gerard De Geer: A geochronology of the last 12,000 years, Cong. Geol. Inter., sess. 11, C. R. 
(1910, 1912) p. 241-253. 

®C. P. Berkey: Laminated interglacial clays of Grantsburg, Wis., Jour. Geol., vol. 13 (1905) 
p. 35-44. 

® Ernst Antevs: The recession of the last ice-sheet in New England, Am. Geog. Soc., Research 
Ser., No. 11 (1922); Retreat of the last ice-sheet in eastern Canada, Geol. Surv. Can., Mem. 146 
(1925) with bibliography. 

Matti Sauramo: Geochronologische Studien iiber die spdtglaziale Zeit ‘in Sidfinnlond, Comm. 
Géol. Finlande, Bull., No. 50 (1918); Studies on the Quaternary varve sedi: in thern Finland, 
Comm. Géol. Finlande, Bull., No. 60 (1923). 

uE. W. Ellsworth and W. L. Wilgus: The varved clay deposit at Waupaca, Wisconsin, Wis. 
Acad. Sci., Arts, Letters, Tr., vol. 25 (1930) p. 99-111. 

12R. W. Sayles: Seasonal deposition in aqueo-glacial sediments, Mus. Comp. Zool., Mem., vol. 47 
(1919) p. 1-67. 

18 Joseph Barrell: Rhythms and the measurements of geologic time, Geol. Soc. Am., Bull., vol. 28 
(1917) p. 803-804. 
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to several feet, indicates, then, a rhythm far too long to be regarded 
as seasonal.” The East Bay slates, unlike these beds, show regular 
gradation upward from graywacke to slate. Moreover, as shown by 


ORWIC, ONT. BRACEBRIDGE, ONT. 
AFTER ANTEVS 


CENTIMETERS 


q ETS 


MINNITAKI LOC 


wo BD 
oF 


0 PRE- i | 


| 


CENTIMETERS 


8 
oF 

s 

® 


PORTION cLar SLAT. 
é OF VARVE PORTION OF VARVE 


Ficure 2.—Thickness variation diagrams of varved Pleistocene clays and varved 
pre-Cambrian slates 


Note that variations in total thickness are essentially dependent on variations of thickness 
of silt or siltstone portions of varves. Varves 5, 8, and 11 of locality 2, Minnitaki lake (D), 
are marked by white seam in middle of slate portion; hence, may be double and thus represent 
two years’ deposit. 


Caldenius** and others, the annual deposits of the Pleistocene lakes 
may be more than 35 or 40 inches thick. 

In conclusion, then, it seems quite clear that the sedimentation was 
cyclical, and, as the resemblance to known annual deposits of Pleistocene 
age is so striking, a seasonal character is most probable. 


IS THE BANDING INDICATIVE OF GLACIAL CONTROL? 


Important differences between these slates and the Pleistocene varved 
clays must be considered in any answer to the question of a glacial 
origin. There are four of these differences. 

The total thickness of the pre-Cambrian varves is much greater than 
any known Pleistocene section, the varved slates forming about half 
of a measured 485-foot section. They probably form an important 
part of a section at least three or four times as thick. Caldenius** has 
recorded a Pleistocene section, some 385 feet thick, of which varved 
silts and clays form an uninterrupted 298-foot portion. The individual 


144C. Caldenius: Las glaciaciones quaternarias en la Patagonia y Tierra del Fuego, Geogr. Ann., 
Stockholm, vol. 11, H. 1-2 (1932) p. 23. 
15 Op. cit., p. 54. 
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varves in this section averaged about six inches thick, as compared to 
the one inch average of those in the slate of East Bay of Minnitaki 
Lake. Though most of the varves of East Bay are relatively thin, in 
the southwest part of Minnitaki Lake, sections of slate with regular 
banding were noted in which the couplets averaged about eleven inches 
thick, and extreme thicknesses of as much as 28 inches were recorded. 
Varves, 35 to 40 inches thick, are known from the Pleistocene sections 
in Patagonia. Coleman’ noted a varve-like banding in the McKim 
graywacke in the Sudbury, Ontario, region and reported a 123-foot 
section containing 867 varves, which makes the individual layers about 
two inches thick. The total thickness of the Minnitaki varve section 
is not unique among sections of ancient pre-Quaternary varved strata. 
Antevs 7" refers to a number of papers in which extremely thick sections 
are reported. 

One characteristic of the Pleistocene varves, not observed in the Min- 
nitaki sections, is the regular diminution upward in thickness from the 
base of the section of the individual varves. Such a decline in thickness 
is caused by the withdrawal of the ice front and is almost universal 
in the late glacial clays.1* 

The apparent absence of any tillite in the Minnitaki section is a more 
important difference. Till is a most common associate of the Pleistocene 
clays. Tillites are reported with the Permian Squantum slates and the 
Huronian varved beds of the Cobalt, Ontario, region. None of the 
coarser pebbly arkosites or conglomerates of the Minnitaki area, how- 
ever, is believed to be tillite. They are usually bedded and are obviously 
washed materials. The matrix of the cobbles is a coarse sandy arkosite 
rather than an argillite. That these beds might be outwash gravels and 
that true tillite may yet be found is, nevertheless, possible. The white 
arkosite beds are composed of quartz and feldspar in which the feldspar 
exceeds quartz (2 to 1). As the feldspar also exceeds quartz (10 to 1) 
in the quartz porphyry boulders found in the arkosite and also in asso- 
ciated conglomerate beds, it is probable that they are formed largely 
from reworked quartz-porphyry detritus rather than by glacial outwash 
derived from a varied terrane. 

In 1935, however, the writer found, along the southernmost shore of 
an island in the most eastern part of East Bay (Loc. 3, fig. 1), a rock 
which, of anything yet found in the region, most nearly resembles a 
tillite. The rock, rather schistose, is dark, has a sprinkling of small, 
ill-sorted angular pebbles of several different types, in an argillitic 


16 A. P. Coleman: Ice ages, recent and ancient. Macmillan Company, New York (1926) p. 235. 
17E. Antevs: Retreat of the last ice-sheet in eastern Canada, Geol. Surv. Can., Mem. 146 
(1925) p. 4. 
18 Op. cit., p. 28. 
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matrix. The evidence of glacial origin is not strong, and the deposit 
may represent a mud-flow breccia of non-glacial origin. 

The literature on the varved slates and clays makes frequent reference 
to sporadic ice-rafted pebbles. None was noted in the Minnitaki area. 


CONDITIONS OF SEDIMENTATION 


In conclusion, it may be said that though an annual control of the 
sedimentation is probably responsible for the banded slates, it cannot 
be said that this control was glacial. The strata are probably of 
freshwater origin, for a true diatactic structure is not developed in 
brackish or salt waters.‘® Lack of current bedding and the very marked 
persistence of thin laminae show the waters to be quiet. The interbed- 
ding of the coarse gravels with the thin and evenly bedded slates is 
an extraordinary feature. The two types of sediment are mutually in- 
compatible, for the former certainly represents turbulent conditions, and 
the latter is indicative of a placid lacustrine environment. 

The writer, therefore, interprets tie conditions of sedimentation as 
follows: A lake, in which only faintly laminated black muds accumu- 
lated, producing the pyritic, fissile black slates, was repeatedly flooded 
with coarse fluvial gravels and arkosic sand—the quartz porphyry con- 
glomerate and white arkose. These were derived from adjacent high- 
lands and are composed of mechanically weathered porphyry detritus, 
together with intraformational blocks of slate. The invasions of the 
coarse fluvial wash became less frequent with time, though in the mean- 
while the average grain size of the material deposited in the lake increased 
so that the fissile black slates became sharply banded, with a gray 
siltstone layer alternating regularly with a slate band—the typical varved 
deposit. These beds, in turn, were succeeded by thicker graywacke 
beds, separated regularly by thin slate layers. 

A somewhat similar interfingering of fluvial and lacustrine beds is 
described by Sears and Bradley.”® The Wasatch formation, a deposit 
made by streams rising in the Uinta uplift, is in places interstratified 
with the laminated fissile shales of the Green River formation, of lacus- 
trine origin. These two very different types of deposit, the one con- 
taining coarse sandstones and conglomerates and the other containing 
paper shales minutely varved,”' are thus contemporaneous. 


1 Matti Sauramo: Studies on the Quaternary varve sediments in thern Finland, Comm. Géol. 
Finlande, Bull., No. 60 (1923). 


A symmict structure, however, is not proof of brackish water. See E. Antevs: Retreat of the 
last ice-sheet in eastern Canada, Geol. Surv. Can., Mem. 146 (1925) p. 14. 

J. D. Sears and W. H. Bradley: Relations of the Wasatch and Green River formations in 
northwestern Colorado and southern Wyoming, with notes on oil shale in the Green River formation, 
U. S. Geol. Surv., Prof. Pap. 132-F (1925) p. 93-107. 

21W. H. Bradley: The varves and climate of the Green River Epoch, U. 8. Geol. Surv., Prof. 
Pap. 158-E (1929) p. 87-110. 
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Gilbert 2? long ago noted alluvial wash from highlands adjacent to 
the Bonneville basin intercalated between lacustrine beds of two dif- 
ferent stages of Lake Bonneville. 

The varve-like bedding of the earlier pre-Cambrian slates has been 
noted in many places.”* Of special interest is the occurrence described 
by Sederholm,* who noted the close resemblance of the banding in the 
Bothnian slates in the Tammerfors region to that in the Pleistocene 
clays of the same area. Of these banded strata, he later *® says: “The 
sediments have obviously been formed at a time when weathering was 
not very intense, 7.e., when a rather cold climate prevailed. Varved 
clays, but no tillites have been found among these sediments.” The 
varves are about 1.5 centimeters thick. 

Eskola, at a more recent date, gives a good description of the Archean 
varved schists of Finland of both the Tammerfors and the Ladogan 
areas.” The striking similarity of the megascopic and the microscopic 
characters to those of the late-Glacial varves is pointed out and confirmed 
by chemical analyses of the separated light- and dark-colored fractions 
of both the ancient and the recent varves. Eskola believed the varved 
strata to have been deposited in cold waters, perhaps bordered by ice 
(though no tillites are associated) under seasonal control. 

If some of the sediments are truly varved, correlation by means of 
the thickness-variation diagrams may be possible.2” Even if no corre- 
lation be possible, a better understanding of the climatic conditions and 
the environment of formation of these early pre-Cambrian beds will 
result from an analysis of the detailed measurements. 

University or Cuicaco, 


MANUSCRIPT RECEIVED BY THE SecreTaRy OF THE Society, JUNE 17, 1935. 
AccePTeD BY THE COMMITTEE ON PuBLICATIONS, 1936. 


2G. K. Gilbert: Lake Bonneville, U. 8. Geol. Surv., Mon. 1 (1890) p. 194. 
23 A. P. Coleman: Ice ages, ancient and recent. Macmillan Company, New York (1926) p. 234-236. 
Phillip L. Merritt: Seine-Coutchiching problem, Geol. Soc. Am., Bull., vol. 45 (1934) p. 365-366. 

% J. J. Sederholm: Ueber eine Archiéische Sedimentformation im Siidwestlichen Finland und Ihre 
Bedeutung fiir die Erklirung der Enstehungsweise des Grundgebirges, Comm. Géol. Finlande, Bull., 
No. 6 (1897) p. 84. 

%J. J. Sederholm: On the geology of Fennoscandia with special reference to the pre-Cambrian, 
Comm. Géol. Finlande, Bull., No. 98 (1932) p. 12. 

% Pentti Eskola: Conditions during the earliest geological times, as indicated by the Archaean 
rocks, Suomalainen Tiedeakatemia, Toimituksia, Sarja A, Nid. XXXVI, Helsinki (1932). 

27 Gerard De Geer: Solar registration by pre-Quaternary varve shales, Geografiska Annaler, Band 
XI (1929) 242-246. 
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Ficure 1. Mount Konocti THE East 
Buckingham Peak (right) with the main cone to the left. Sulphur Banks in the middle ground. 


Ficure 2. EasTeRN sLopeE oF Mount Konocti 
Truncating the ends of the lava flows. 
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INTRODUCTION 


Geologists have long known of the presence of Pleistocene and Recent 
lava flows and cones around the southern half of Clear Lake, California, 
but very little has been written regarding these features since the pioneer 
work of Becker,’ although several papers have appeared in reference to 
the quicksilver deposits at Sulphur Banks. Lack of suitable base maps 
has inhibited geologic mapping. However, a soil survey was published 
recently by Carpenter, Storie, and Cosby,? and they prepared a base 
map by means of plane-table traverses, using an automobile speedometer 
for measuring distances. Unfortunately, no topography is expressed on 
this map, but the location of the roads.and shore of Clear Lake are 
accurately shown. Using their map as a base, aided by the topographic 
maps of the War Department, the writer mapped the volcanic rocks. 
This paper covers the results of the study. 

Clear Lake lies in the midst of the Coast Range, about 90 miles north 
of San Francisco (Fig. 1). According to the recent advance sheet of the 
Lakeport quadrangle (United States Geological Survey), the lake surface 
is at an elevation of 1,318 feet; several surrounding hills rise about 1,000 
feet above the level of the lake, and Mount Konocti rises 2,800 feet above 
it. The lake is about 20 miles long and about 1 to 7 miles wide (Fig. 2). 

The writer was aided by two generous grants; one, from the Board of 
Research, University of California, was used in the preparation of thin 


1G. F. Becker: Geology of the quicksilver deposits of the Pacific slope, U. S. Geol. Surv., Mon. 13 
(1888). 

2E. J. Carpenter, R. E. Storie, and S. W. Cosby: Soil survey of the Clear Lake area, California, 
U. S. Dept. Agric., Bur. Chem. and Soils, Ser. 1927, no. 13 (1931). 
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sections, and the other, from the Penrose Bequest of the Geological 
Society of America, was used to defray the cost of chemical analyses. 
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Ficure 1—IJndex map of northern California 


Showing the location of Clear Lake and the area mapped, in relation to the various geologic provinces. 


Professor C. F. Shaw, of the University of California, kindly made 
available copies of the base map for the field study. Professor Howel 
Williams has been of great aid in critically reading the manuscript and 
in many helpful discussions. 


PRE-VOLCANIC ROCKS 


The oldest rocks exposed in the area belong to the Franciscan forma- 
tion of Jurassic (?) age. Those observed are sandstones, shales, radio- 
larian cherts, and serpentines. Owing to the absence of good exposures 
and the lack of a suitable topographic map, the areas indicated as 
Franciscan on the map were studied only in a reconnaissance fashion. 
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No attempt was made to differentiate between the Chico (Upper 
Cretaceous) and the Martinez (Lower Eocene) sandstones and shales. 
As separated by Dickerson,* most of the rocks indicated on Plate 2 
belong to the Martinez formation, with the possible exception of the rocks 
southwest of the village of Lower Lake, which may be of Chico age. 


Figure 2—Air view across Clear Lake 


Looking northwest. (1) Thurston Lake basin; (2) lava field east of Mount Konocti; (3) Bucking- 
ham Peak; (4) Little Borax Lake; (5) Buckingham Peninsula; (6) High Valley; (7) Borax Lake. 
Drawn from a photograph by Erickson, San Diego, California. 


According to Dickerson, the Tejon formation (Upper Eocene) is repre- 
sented south of Cache Creek and east of Herndon Creek, but they are 
not indicated on the map. 

Apparently, these rocks (Franciscan, Chico, and Martinez) comprise 
the floor upon which the later sediments and volcanic rocks accumulated. 


CACHE FORMATION 


DISTRIBUTION AND DESCRIPTION 


A thick series of fresh-water sediments was described by Becker,* under 
the name of the Cache Lake beds. This term seems unfortunate, not 


*R. E. Dickerson: Fauna of the Martinez Eocene of California, Univ. Calif. Publ., Bull. Dept. 
Geol., vol. 8 (1914) p. 90. 
*G. F. Becker: op. cit., p. 219. 
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only because there is no “Cache Lake” in the vicinity, but also because 
the term might be interpreted as “Cache” lake beds, thus implying an 
origin for the sediments that might be questioned in part. Indeed, 
Wilmarth,' in a summary of geologic units of California, states that these 
beds were deposited in extinct Cache Lake, which overlapped Clear Lake. 
As will be discussed later, some of the rocks are undoubtedly of lacustrine 
origin, but others are probably of fluvial origin, so it seems desirable to 
refer to these as the Cache formation. “Cache Creek formation” is 
eliminated because of its use to designate certain Paleozoic rocks in the 
Rocky Mountains of Canada.*® 

The sediments of the Cache formation are best exposed, and have their 
maximum thickness, in the area west of the North Fork of Cache Creek. 
Here, the rocks consist chiefly of gravels and sands, striking in a general 
north-south direction, with westerly dips ranging from 10 to 20 degrees. 
They are mostly white, although occasional intercalated gravel beds are 
reddish brown. The gravel is composed largely of subangular quartz 
and chert pebbles, the latter being similar to the radiolarian cherts of 
the Franciscan formation. Near the top of the exposed section, vol- 
canic sands and gravels are important; they will be discussed later. 
Locally in the section, thin beds of tuffaceous sediment are found, some 
containing rush imprints. 

Assuming a dip of 10 degrees, which is a minimum value, there are 
at least 1,700 feet of these gravels and sands exposed between Cache 
Creek and the Franciscan rocks to the west. Cache Creek by no means 
marks the eastern limit of these westerly dipping beds, so their total 
thickness is considerably greater. Becker’ was somewhat concerned by 
this great thickness, for he remarked that “the thickness indicated by 
measuring the strata perpendicularly to the planes of stratification is 
very great—some thousands of feet. I confess myself unable either to 
comprehend this or to ignore its significance—but the accumulation of 
several thousand feet of sediment in any lake except one of vast dimen- 
sions seems an impossibility.” However, the presence of local discon- 
formities, some cross-bedding, and both lateral and vertical variation 
between sands and gravels suggest that these sands and gravels may 
be in part, if not entirely, of fluvial origin, probably deposited in a 
subsiding basin. 

In the area bordering the southern arm of Clear Lake, the lithologic 
character is somewhat different. Although there are local intercalated 


5M. G. Wilmarth: Names and definitions of the geologic units of California, U. 8. Geol. Surv., 
Bull. 826 (1931) p. 11. 

6G. M. Dawson: Geological record of the Rocky Mountain region in Canada, Geol. Soc. Am., 
Bull., vol. 12 (1901) p. 70. 

™G. F. Becker: op. cit., p. 239. 
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gravel lenses, the dominant rocks are fine sands and silts. These are 
tuffaceous in part, containing conspicuous glass and lithic fragments, the 
latter characterized by feldspar microliths imbedded in a cryptocrys- 
talline groundmass. Associated feldspar grains are andesine. A consid- 
erable quantity of greenish-gray clay is present. Many fragments of 
fresh-water molluscs are found in the silts, and numerous diatom tests 
in most of the tuffaceous sediments; locally, they are in sufficient numbers 
to form diatomites. A bed of the latter, one mile east of the outlet of 
Clear Lake, yielded the following flora, in order of abundance, as deter- 
mined by G. D. Hanna, of the California Academy of Sciences: 

Fragilaria sp., Navicula cf. major, Rhopalodia sp., Epithemia, Cym- 
bella ef. gastroides, Cocconeis sp., and Cyclotella small sp. 

Several beds of grayish-white, microcrystalline limestone, 1 to 10 
feet thick, are interbedded with these fine sediments, although no outcrops 
were found east of the north-south fault east of Clear Lake Highlands. 
In addition to the limestones, white marls are present, consisting approxi- 
mately of two thirds clay and one third carbonate, with numerous diatom 
tests and sponge spicules. The carbonate is probably somewhat dolomitic, 
as it effervesces slowly with dilute acid, and a qualitative test indicated 
the presence of magnesia. 

Limonitic concretions in fine sands and silts are found sporadically in 
the area of coarse clastics west of the North Fork of Cache Creek and 
are conspicuous in the area around the village of Lower Lake (PI. 2). 
Here, some beds are definitely enriched in limonite. 

Undoubtedly, the sediments in the Cache formation around Lower 
Lake and directly east of Clear Lake Highlands are in part lacustrine 
deposits, as shown by the presence of diatomite and limestones, and the 
numerous diatoms in many of the silts and tuffaceous sediments suggest 
the same environment. However, these local gravels may represent fluvial 
deposits. 

INTERCALATED VOLCANIC ROCKS 


Basalt east of Clear Lake.—Lava-capped tablelands, or mesas, are 
prominent features of the landscape east of Clear Lake in the area of 
the Cache formation. With the exception of two mesas east of Sulphur 
Banks, which have been affected by faulting, they all have a westerly 
dip, conformable to that of the underlying gravels and sands. These 
lava outliers are parts of a once-continuous flow. Scattered water-worn, 
subangular chert and quartz pebbles are common on the surface of the 
flow remnants, indicating, without doubt, that the lava is interbedded 
with the Cache formation. 

The lava flow is more than 100 feet thick in the most northern of these 
erosional remnants, and here columnar jointing is poorly developed. 
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The thickness decreases to 60 feet east of Burns Valley and to 30 feet 
in the most southern exposure. 

Good exposures of the underlying rocks are seen at the southern margin 
of the northern mesa. At one place the lava flow rests on 100 feet of 
coarse volcanic breccia, with blocks up to two feet across. Several 
questionable bombs were also observed. Considerable quantity of Fran- 
ciscan material is admixed, with quartz and chert blocks reaching a maxi- 
mum dimension of one foot. The base of the lava flow and many of the 
underlying basalt blocks are characterized by numerous quartz inclusions. 

About 100 yards east of this exposure, the breccia is only 20 feet thick 
and is underlain by 10 feet of tuff breccia. Below the latter are cross- 
bedded sands and pebbly gravels consisting of mixed volcanic and non- 
volcanic rocks. Elsewhere at the base of the flow, pyroclastic material 
is absent. The presence of this breccia with questionable bombs where 
the lava flow attains its greatest thickness suggests strongly that the vent 
was probably near these northern remnants. 

The petrographic character of the basalt varies. In the southern 
exposures, olivine is the chief phenocrystic mineral (15 per cent) ranging 
up to 1.5 millimeters in length and averaging .5 millimeter. Scattered 
crystals have rims of iddingsite. Pale greenish gray augite phenocrysts 
are rare (1 per cent). The pilotaxitic groundmass (84 per cent) is 
composed of plagioclase microlites, augite granules, and magnetite cubes 
(the latter, 3 per cent). Plagioclase appears to be slightly more abundant 
than augite. 

In the exposures to the east of Burns Valley, the groundmass is vari- 
able in its appearance, though the phenocrysts are the same as in the 
basalt to the south (Fig.3B). Locally, the groundmass is black, isotropic, 
and heavily charged with magnetite dust; elsewhere, it is pilotaxitic, 
as in the rocks of the southern exposures. The index of refraction of the 
plagioclase microlites indicates labradorite. 

In the northern exposures along the highway, labradorite (An 70) 
becomes an important phenocrystic mineral (14 per cent), ranging in 
length up to half a millimeter. Olivine also is present as phenocrysts 
(10 per cent), much of it being altered completely to iddingsite. Pale 
greenish gray augite is rare in large crystals (1 per cent), appearing 
chiefly as granules in the pilotaxitic groundmass. 

As previously mentioned, quartz inclusions are numerous in the northern 
exposures of the basalt. In general, these are clear and transparent. 
They range from microscopic grains to grains over an inch in length. 
The larger inclusions are resolved by the microscope into granular aggre- 
gates (Fig. 3A), but the smaller grains consist of a single crystal. Some 
inclusions show solution at the edges, forming a corona of pale-brown 
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glass in which microlites of augite may be imbedded. In other coronas, 
needles and wedge-shaped twins of tridymite are present. In some speci- 
mens of lava, clots of slender diopside crystals, containing a center of 
tridymite with cristobalite (?), suggest original quartz grains. All these 
occurrences recall the examples described by Lacroix ® in his classical 
memoir on inclusions. The crystallization of the augite is in keeping 
with Bowen’s ® reaction principle, which states that, as basic lavas react 
with inclusions made up of minerals later in the reaction series, the 
inclusions become part of the liquid, and crystals with which the basalt 
is saturated are precipitated at the same time. 

In some thin sections, fragments of radiolarian chert are cut by numer- 
ous quartz veins, and the radiolarian tests are recrystallized to quartz. 
The suggestion might be made that the quartz inclusions are recrystallized 
chert fragments that have been partially resorbed by the basaltic lava, 
but no transition from microcrystalline chert to coarse granular quartz 
was observed. One quartz inclusion contains plagioclase feldspar, indi- 
cating pebbles of arkosic sandstone from the underlying Cache formation. 
Again, there is a possibility that some of the quartz inclusions may be 
fragments from the quartz veins cutting the chert, although none of the 
observed veins contains crystals as coarse as those in some of the inclu- 
sions. But the association of these numerous quartz inclusions with 
countless chert and sandstone inclusions derived from the gravels of the 
underlying Cache formation strongly suggests that the latter are the 
source of the quartz inclusions. There is no indication that a siliceous 
differentiate supplied the quartz, as suggested by the writer ?® for the 
quartz basalts of Cinder Cone, Lassen Volcanic National Park. 


Basalt south of Clear Lake.—One mile northwest of Lower Lake, a ridge 
of rocks, bounded by alluvium, projects northward. On the western side 
of this ridge, a basalt flow, 20 feet thick, is interbedded with the fine clastic 
deposits of the Cache formation, with limestone, 10 feet thick, directly 
overlying the lava. Here, the beds dip gently to the east. The basalt is 
probably a separate flow from the one just discussed, for its association 
with the fine clastic deposits is in contrast with the flow east of Clear 
Lake, and the petrographic character is somewhat different. Despite 
variations of the basalt just discussed, a characteristic feature is the pres- 
ence of conspicuous phenocrysts of olivine. In the lava south of Clear 
Lake, augite, olivine, and plagioclase phenocrysts are about equal, and 
average considerably less than .5 millimeter in length. The groundmass 


8 A. Lacroix: Les enclaves des roches volcaniques, Paris (1893). 

®°N. L. Bowen: The lution of ig rocks (1928). 

10 R. H. Finch and C. A. Anderson: The quartz basalt eruptions of Cinder Cone, Lassen Volcanic 
National Park, California, Univ. Calif. Publ., Bull. Dept. Geol. Sci., vol. 19 (1930) p. 278. 
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consists of stubby plagioclase crystals with scattered granules of augite 
and numerous cubes of magnetite. 

The varied appearance of the volcanic material in the gravels and sands 
may imply that, during the accumulation of the Cache formation, several 
volcanoes were active. 


STRUCTURE AND STRATIGRAPHIC RELATIONSHIP 


The Cache formation rests with a marked angular discordance upon the 
underlying Martinez (Lower Eocene) formation northeast of Lower Lake. 
The Eocene rocks have been folded into an asymmetrical syncline 


GB Mhyodacite SCALE Gache Formation 
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Fiaure 4.—Cache formation 
North-south section from east of Burns Valley to west of Herndon Creek. 


(Fig. 4), with the strike of the beds in a general east-west direction. 
The folding cannot be accurately dated, but 30 miles to the south, C. E. 
Weaver ** has found Lower Pliocene sediments involved in east-west 
folds, overlain unconformably by Upper Pliocene deposits, so the date 
of folding at Clear Lake may have been Middle Pliocene. 

The surface on which the Cache formation accumulated must have 
had considerable relief, judging from the marked differences in thickness 
of the rocks underneath the interbedded basalt flow. East of the outlet 
of Clear Lake, only 100 feet of gravel separates the base of the lava flow 
from the Martinez sandstones; whereas, to the north and south, the thick- 
ness increases rapidly, so that, west of the North Fork of Cache Creek, 
at least 1700 feet of gravels and sands underlie the basalt. 

Apparently, the topography during Cache time bore no relationship to 
the present topography, and statements that a “(Cache Lake” was a former 
extension of Clear Lake are misleading. Hanna, who has studied the 
diatoms from both Clear Lake and the diatomites of the Cache forma- 
tion, has remarked that the differences between them are sufficient to 
indicate that there has been no connection between the lakes of Cache 
time and the present Clear Lake.’* 

After accumulation, the rocks of the Cache formation were tilted to 
the west and down-faulted against the Franciscan rocks northeast of 


11 Oral communication. 
%2 Personal communication from G. D, Hanna. 
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Burns Valley (Pl. 2). A branch of this fault apparently cuts south of 
Burns Valley, through the basalt flow and Cache sediments. The east 
side of this branch fault is evidently the down-throw side, judging from 
the relationship of the basalt flow on either side of the fault. Here, the 
throw is small, measurable in tens of feet. The sediments to the south 
show evidence of drag, the beds to the west of the fault dipping toward 
the fault, whereas, near the lake, they are nearly horizontal. South of 
Cache Creek, however, the Cache formation has been folded into an 
asymmetric syncline, the southern limb being faulted against the Mar- 
tinez (Fig. 4) ; the synclinal structure, however, may be the result of drag 
of the soft Cache beds against the harder Martinez sandstones and shales. 

Above the Cache formation, north of the village of Lower Lake (PI. 2), 
rhyodacite flows similar in character to the lava flows on, and near, Mount 
Konocti rest upon the upturned and faulted Cache sediments, indicating 
their extrusion after deformation of the Cache formation. 


AGE 


Unfortunately, no reliable paleontological evidence is at hand to date 
the Cache formation satisfactorily. Becker ** found fresh-water inverte- 
brate fossils in some of the soft, light-colored sediments, which are prob- 
ably lake deposits, but as similar species, with one exception, are now 
living in the present Clear Lake, they are of no aid in determining the 
age of the beds. A few fragmentary vertebrate remains were found by 
Becker, and Marsh ** suggested that they might indicate very late Plio- 
cene age. Recently, the late W. M. Davis found a fragment of a lower 
jaw, which was referred to V. L. VanderHoof, of the Museum of Paleon- 
tology, University of California, for determination. VanderHoof** has 
suggested that it is probably the ramus of the lower jaw, without tooth, 
of Elephas sp., indicating a Pleistocene age. 

Russell ?* has suggested that the Cache formation might be correlated 
with the Tehama formation, a fluvial Upper Pliocene deposit, exposed on 
the western margin of the Sacramento Valley. However, Elephas has 
thus far not been found in that deposit, although remains of horse, 
camel, mastodon, and other vertebrates have been described. Certainly, 
the lithologic similarity of the Tehama formation to the sands, gravels, 
and clays of the Cache formation is marked. Tentatively, the Cache 
formation may be regarded as Lower Pleistocene, but the possibility of 
an Upper Pliocene age is not entirely disproved. 


18G. F. Becker: Geology of the quicksilver deposits of the Pacific slope, U. S. Geol. Surv., 
Mon. 13 (1888) p. 220. 

14 Op. cit., p. 221. 

Personal communication. 

16 R. D. Russell: The Tehama formation of northern California, Univ. Calif. Library, Ph.D. thesis 
(1931). 
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LAVAS SOUTHEAST OF MOUNT KONOCTI 
GENERAL STATEMENT 


South and southeast of Mount Konocti, rhyolitic obsidian and silicic 
dacite flows cover an area of approximately 12 square miles. There is no 
direct evidence to prove whether they are contemporaneous with, or older 
than, the Cache formation, but the absence of their fragments in the 
Cache formation suggests that they are post-Cache in age. Indeed, the 
general form of the lavas indicates less erosion than one might expect of 
lavas erupted during the late Pliocene or early Pleistocene. Apparently, 
they are older than the rhyodacite to the north, for, in the stream canyon 
west of Thurston Lake, the rhyodacite flows rest upon the obsidian. 

Unfortunately, this area of dacite and rhyolitic obsidian is largely 
mantled with dense chapparal, and is only penetrable in a few small areas 
where the brush has recently been burned. Most of the rocks are deeply 
weathered, but a few monoliths rise above the surface. Even in the 
decomposed obsidian, which characteristically develops a deep red soil, 
fragments of black unaltered obsidian are readily found. The contacts 
shown in Plate 2 are largely conjectural, except along the roads and where 
indicated by a solid line. 

The surface of the flows is somewhat hummocky, suggesting viscous 
lavas. The high viscosity is further indicated by the presence of several 
basin-shaped meadows, formed as the result of the inability of the lava 
flows to coalesce. No central vent is indicated, and it may be that these 
lavas were erupted either from fissures or from scattered vents. 

There is considerable petrographic similarity between the dacite and the 
rhyolitic obsidian, and this, with their close areal association, suggests a 
possible genetic relationship. 


PETROGRAPHY OF THE DACITE AND OBSIDIAN 


The texture of the dacite is porphyritic, with conspicuous phenocrysts 
of augite and hypersthene. The rhombic pyroxene forms slender prisins, 
attaining lengths of .75 millimeter, some of which are surrounded by a 
jacket of augite. The augite is mostly in stubby prisms, averaging .3 
millimeter in length, and many of the phenocrysts are in clusters, giving 
a minor glomeroporphyritic texture. The plagioclase is in zoned crystals, 
.15 to .30 millimeter in length, ranging in composition from basic 
oligoclase to acid andesine. A few corroded quartz phenocrysts are pres- 
ent (Fig. 3C), as is also biotite, which is almost completely altered to 
magnetite. The groundmass is micro- to cryptocrystalline, with con- 
spicuous feldspar microlite, pyroxene granules, and scattered magnetite 
cubes. In some specimens, a well-developed perlitic structure is present 
in a cryptocrystalline devitrified(?) groundmass. 
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1. Olivine basalt intercalated with Cache formation. 


middle mesa, east of Clear Lake. 
2. Augite andesite, Sulphur Banks. 
3. Olivine andesite, east of High Valley. 


4. Olivine basalt intercalated with Cache formation. 


op. cit., p. 159. 


5. Rhyodacite, southeast peak of Mount Konocti. 


op. cit., p. 154. 


6. Pyroxene rhyodacite, two miles west of Lower Lake. 
7. Olivine dacite, south of Borax Lake. 
8. Hypersthene dacite, Chalk Mountain. 


Southern margin of 


Quoted from Becker, 
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10. Silicic pyroxene dacits 
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ition. Southern margin of 9. Biotite hornblende rhyodacite, 200 yards northwest of Howard Peak, 
Mount Konocti. 
10. Silicic pyroxene dacite, two miles south of Thurston Lake. 
11. Biotite rhyolitic pumice from pumice breccia, one mile south of Kelseyville. 


tion. Quoted from Becker, 12. Obsidian, south of Kelseyville. Quoted from Becker, op. cit., p. 154. 
13. Rhyolitic obsidian, south of Borax Lake. 
cti. Quoted from Becker, Analyses 1, 3, 6, 7, 8, 9, 10, 13 by S. Goldich; 2, 11 by R. B. Ellestad; 
4, 5, 12, by W. H. Melville. 
- Lake. Norms 4, 5, 12 quoted from H. 8. Washington: Chemical analyses of igneous 


rocks, U. 8. Geol. Surv., Prof. Pap. 99 (1917). 
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The obsidian is characterized by light-gray to black bands, the latter 
containing numerous microlites arranged parallel to the banding. The 
index of refraction of the glass is 1.488 + .003. Scattered phenocrysts of 
hypersthene, augite, and plagioclase (basic oligoclase to acid andesine) 
are present. The larger crystals of plagioclase (1.5 millimeters in length) 
are badly corroded and contain many glass inclusions. Holocrystalline 
aggregates of plagioclase and augite suggest cognate inclusions, which 
were picked up by the obsidian at the time of eruption. Some of the 
larger crystals may be xenocrysts. 

Becker *’ referred to the rhyolitic obsidian as andesitic glass. Because 
it crops out near the rocks he called asperites (a variety of andesite to be 
discussed later) and because of the presence of crystals of plagioclase and 
pyroxenes, he thought that the obsidian represented a glassy phase of the 
asperite. He presented a chemical analysis of the obsidian, from which 
it is apparent that the rock is a normal rhyolitic obsidian (Table I, 
No. 12). The dacite (Table I, No. 10) contains less silica and much more 
lime; the lime is too high for rhyolites, so the rock. has been referred to as 
a silicic pyroxene dacite. 


MOUNT KONOCTI VOLCANO 
GENERAL DESCRIPTION 


The most imposing topographic feature in the area is the eroded mul- 
tiple voleano, Mount Konocti, which attains an elevation of 2000 to 2500 
feet above the surrounding terrane (PI. 1, fig. 1). The highest part is south 
of the center of the mountain and includes three prominent peaks (Fig. 5), 
one of which appears to be a remnant of a secondary cone. One mile to 
the north, Buckingham Peak stands alone at slightly lower elevation. In 
addition, there are a number of small secondary peaks. 

The exposures suggest that the mountain is composed largely of lava 
flows, although pyroclastic material is exposed on the lower western flanks 
and in a few scattered areas. The volcano should, therefore, be classified 
as a composite cone such as Mount Shasta,'* but, on both mountains, lava 
flows form most of the surface exposures. The eastern slope truncates the 
ends of the flows so that, when viewed from a distance, the mountain 
appears to be composed of stratified sedimentary rocks folded into a syn- 
clinal structure (Pl. 1, fig. 2). Indeed, Whitney ** made that suggestion in 
the report on the geology of California, but later corrected his error.”° 

There are several crater remnants in the summit area, the outstand- 


17G. F. Becker: op. cit., p. 153. 

18 Howel Williams : Mount Shasta, a Cascade volcano, Jour. Geol., vol. 40 (1932) p. 419. 

J. D. Whitney: Geological Survey of California: Geology, vol. 1 (1865) p. 97. 

2” J. D. Whitney: The auriferous gravels of the Sierra Nevada of California, Harvard Mus. Comp. 
Zool., Mem., vol. 6 (1880) p. 23. 
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ing example being Southern Peak, which has a shallow summit de- 
pression, bordered by pink lava flows, dipping steeply outward in all 


directions (Pl. 3, fig. 1). There is a suggestion of a larger crater farther 
north, including Howard Peak, the highest point of the mountain, where 
the lavas dip south. On Mathews Peak, the lavas dip east, whereas on 


Ficure 5—Topographic map of Mount Konocti and lava field to the southeast 


Topography from the Bartlett Springs, Kelseyville, Lakeport, and Lower Lake quadrangles, United 
States Army tactical maps. 


the ridge extending north of Howard Peak, the flows dip northwest. In 
the center of this apparent crater, the lava exhibits vertical jointing and 
may be a remnant of a plug. The northern flanks of the crater have been 
completely eroded (PI. 3, fig. 2). On the southeastern slope of Bucking- 
ham Peak, there is a third crater remnant (PI. 3, fig. 3). 

Of the smaller parasitic cones on the flanks of the mountain, the most 
striking example is one mile to the northwest of the summit peak. 

As indicated on page 639, lava flows similar to those on Mount Konocti 
rest upon the deformed Cache formation near Lower Lake. The extent to 
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which the volcano has been eroded testifies to considerable antiquity, so 
that the time of the major eruptions can be safely assigned to the Pleisto- 
cene. If the Cache formation is Lower Pleistocene, the volcano is of 
Middle or Late Pleistocene age. 

However, an accumulation of recent-appearing, reddish, pyroclastic 
material, including numerous bombs, several feet long, is found in the 
summit of Buckingham Peak, so possibly there has been a rather recent 
eruption from this northern peak. 


RHYOLITIC PYROCLASTIC ROCKS 


Several square miles of pumice-breccia and tuff are exposed southeast 
of Kelseyville. These rocks appear to be among the oldest composing 
Mount Konocti. The most striking member of this series is a massive 
pumice-breccia, at least 100 feet thick, well exposed along Cold Creek. 
On the weathered surface, there is no expression of the pyroclastic nature, 
but in the road-cuts, the texture is readily apparent. Blocks of pumice 
range up to 10 feet in thickness, though there is very little tuffaceous 
matrix. These white pumice blocks are speckled with biotite crystals 
(1 mm.) with no sign of reaction to magnetite. They are accompanied by 
conspicuous sanidine, oligoclase (An 18), and quartz crystals (3 to 4 mm. 
long). The pumiceous glass** has a refractive index of 1.495 + .002, 
suggesting 73 per cent of SiO.. 

Near the northern end of the exposures, a few feet of sorted pumice 
lapilli tuff overlies the pumice breccia, and this, in turn, is covered by 
well-stratified tuff. In the latter, layers, 6 to 10 inches thick, are charac- 
terized by a concentration of coarser material at the base, grading upward 
into very fine tuffs, suggesting water deposition, possibly lacustrine in 
nature. The beds strike northeast and dip 8 degrees to the west. About 
20 feet of tuff overlies the massive pumice breccia. 

As to the origin of the pumice breccia, little can be said except that its 
local distribution at the base of Mount Konocti and the absence of sorting 
eliminate the possibility that it is the product of Vulcanian eruptions. As 
the material comprising it is all juvenile, and the pumiceous character 
attests to the former presence of gases, it seems more reasonable to sup- 
pose that the ejecta are the products of a Peléan eruption, particularly as 
there is no infiltration of mud into the pumice, such as Lacroix ?* suggested 
to be characteristic of mud flows. 

If the upper tuff was water-laid, there must have been some deforma- 
tion since deposition to account for the dip of 8 degrees. As the lavas 


1 W. O. George: The relationship of the physical properties of natural glasses to their chemical 
composition, Jour. Geol., vol. 32 (1924) p. 366. 
2A, Lacroix: La Montagne Pelée et ses éruptions (1904) p. 380. 
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from Mount Konocti cover the rhyolitic pyroclastic deposit to the east, 
this material may antedate the building of Mount Konocti and may be of 
the same age as the Cache formation. 


LAVA FLOWS 


General statement.—Most of the flows on Mount Konocti are massive, 
and from 50 to 60 feet thick. Locally, pumiceous bands are parallel to 
the base of the flow. The color is commonly light- to dark-gray, but 
splotches of hematite dust locally give a reddish tint. 

Petrographically, the rocks from the lava field east and south of Mount 
Konocti are similar to those found on the mountain, and they will be 
considered together. A characteristic feature of most of the lavas is the 
presence of conspicuous white feldspar phenocrysts, up to 20 millimeters 
in length, the average being from 4 to 6 millimeters. Most of these are 
milky white plagioclase with albite twinning. In addition, there are 
glassy, clear, sanidine phenocrysts, 1 to 4 millimeters long, many with 
Carlsbad twinning. Quartz phenocrysts, 1 to 3 millimeters long, are 
scattered throughout. Rarely, biotite may be recognized microscopically ; 
most of the ferromagnesian minerals are not readily determined in the 
hand specimen. 


Petrography.—The large phenocrysts are so scattered that thin sections 
rarely include them, unless chips are specially chosen. A typical thin sec- 
tion revealed the following smaller phenocrysts: plagioclase, 10 per cent; 
quartz, 2 per cent; biotite, 1 per cent; and pyroxene, 1 per cent. These 
phenocrysts are imbedded in a groundmass (86 per cent) carrying plagio- 
clase microlites separated by cryptocrystalline material. A remarkable 
feature is the total absence of sanidine among the micro-phenocrysts and 
groundmass in all the slides examined. Figure 6B illustrates a typical 
thin section. 

The plagioclase phenocrysts consist largely of basic oligoclase, with 
minor amounts of acid oligoclase. The scattered sanidine phenocrysts are 
pseudo-uniaxial; a few have rims of oligoclase or enclose crystals of that 
mineral. 

The quartz phenocrysts are embayed, and a few of the larger crystals 
are rimmed with aggregates of diopside microlites. Clots of slender diop- 
side crystals suggest that quartz was once present but has been used up by 
reaction, as happens to quartz xenocrysts in many basalts (Fig. 6A). 

The biotite phenocrysts are usually less than 1 millimeter long and are 
rimmed or pseudomorphed by magnetite. Rarely, brown hornblende is 
present and is similarly attacked. 

Faintly pleochroic hypersthene is the most common pyroxene, and the 
refractive indices, a = 1.676 and y = 1.684, indicate about 14 per cent of 
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Ficure 1. SourHERN Peak 
With shallow summit depression. 


Ficure 2. MaTHews PEAK (LEFT) AND Howarp PEAK 
Looking south. The lava flows dip away from the massive lava in the center, which has the appear- 
ance of an eroded plug. The northern portion of the crater has been eroded. 


Figure 3. SouTHERN SLOPE oF BUCKINGHAM PEAK 
A remnant of the crater rim is shown in the left center of the photograph. 


CRATER REMNANTS ON MOUNT KONOCTI 
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Ficure 1. Taurston Lake 
Mount Konocti in the background. The lake basin was formed because the viscous rhyodacite flows 
failed to coalesce. 


Ficure 2. Sours or THurston LAKE 
Rhyodacite flows sloping to the north. 


RHYODACITE LAVA FIELD 
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the ferrous silicate. The augite is pale greenish gray, with extinction 
angles and refractive indices indicating a diopsidic variety. In some of 
the flows, pyroxenes are the only ferromagnesian minerals (Fig. 6A). 

The groundmass ranges widely, most of it being composed of plagio- 
clase microlites set in a cryptocrystalline matrix; but there is some 
colorless interstitial glass, containing small crystals of tridymite. The 
refractive index of the glass is 1.500 + .002, suggesting about 72 per cent 
of SiO,.2* There are perlitic and pumiceous structures in these glassy 
varieties. Some areas of patchy polarization indicate devitrification of 
glass. The plagioclase microlites are commonly basic oligoclase, but, in 
several specimens, they are acid labradorite associated with large oligo- 
clase phenocrysts. 

These lavas present a problem in classification. Becker ** referred to 
them as andesites, suggesting that, for field classification, the term 
asperites might be applied because of their trachytic character. He made 
no reference to the presence of the sanidine and quartz phenocrysts. 
Chemically, the rocks are close to dacites (Table I, nos. 5, 6, 9), but some 
objection to such designation might be made, because, in most dacites, 
sanidine is not restricted to the phenocrysts. The potash feldspar pheno- 
crysts might suggest that the rocks be grouped as intermediate between 
rhyolite and dacite—that is, the toscanites of Washington,”° the dellenites 
of Brogger,?* or the quartz latites of Ransome.?” The term rhyodacite, as 
suggested by Winchell,?* has the support of Johannsen ** for this inter- 
mediate group, and this term is probably satisfactory for the Konocti 
lavas, as they have rhyolitic as well as dacitic characters. It should be 
emphasized that the modal composition has been taken into account in the 
choice of this term; other rocks to be discussed in this paper have the 
same general chemical composition but have been classified as dacites 
in order to distinguish them from these sanidine-bearing lavas of Mount 
Konocti and the adjoining lava field. 

The absence of sanidine as microphenocrysts in the groundmass calls 
for some explanation. Large potash feldspar phenocrysts are not uncom- 
mon in many granitic rocks, but the same feldspar also appears in the 


23W. O. George: op. cit. 

% G. F. Becker: Geology of the quicksilver deposits of the Pacific slope, U. 8. Geol. Surv., Mon. 13 
(1888) p. 151. 

%H. 8S. Washington: Italian petrological sketches III, Jour. Geol., vol. 5 (1897) p. 37. 

%*W. C. Brégger: Die Eruptivgesteine des Kristianiagenietes II, Skrift. Videnskab. Christiania 
(1895) p. 59. 

*7F, L. Ransome: Some lava flows of the western slope of the Sierra Nevada, California, Am. 
Jour. Sci., vol. 5 (1898) p. 372. 

238A, N. Winchell: Rock classification on three coordinates, Jour. Geol., vol. 21 (1913) p. 214. 

2A. Johannsen: A descriptive petrography of the igneous rocks: Volume II, The quartz-bearing 
rocks (1932) p. 310. 
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granitic groundmass.*° Hague and Iddings** found that the potash in 
the Lassen Peak dacites is confined largely to the glassy groundmass. 
From this, it may be assumed that the sanidine did not crystallize from 
the melt which solidified to form the bulk of the Konocti lavas. Further, 
there are large scattered quartz phenocrysts rimmed by diopside micro- 
lites, indicating that they may have been added to a magma that was not 
in equilibrium with quartz, causing its solution and the precipitation of 
diopside, as in many quartz basalts. Perhaps, a rhyolite differentiate 
formed at the top of the magma chamber, and crystals of sanidine, quartz, 
and possibly oligoclase settled into the lower, more basic, magma prior 
to, or were picked up at the time of eruption. Such a differentiate might 
be expected, for the earlier rhyolitic pumice-breccia is characterized by 
these minerals. A somewhat similar explanation has been advanced by 
Ogura *? and by Harker,** for the appearance of alkali feldspar and quartz 
in basic rocks (basalts and others). However, in a more acid rock, these 
minerals are not abnormal, and their appearance would not call for com- 

ment were it not for the complete absence of sanidine in the groundmass. 

The writer ** has described sanidine xenocrysts from the quartz basalts 

of Lassen Volcanic Park, but there the evidence of foreign origin was con- 

clusive, the border of the sanidine showing fusion to a vesicular glass, 

a feature absent from the Konocti lavas. If the sanidine were more local 

or sporadic in its distribution, its addition to the dacite from an over- 

lying acidic magma would be more likely, but the universal distribution 

militates somewhat against this view. However, in spite of the lack of 

positive evidence, the writer presents it as a possible explanation. 


TUFFS 


A few exposures of tuffs inter-bedded with the lava flows attest to the 
composite nature of Mount Konocti. These are on the south and north- 
western slopes of the mountain and are covered with soil except at road- 
cuts and prospect holes. Their areal distribution is not shown on Plate 2. 
They consist chiefly of ash and lapilli of creamy white pumice with very 
fine vesicles. The beds are well sorted, showing steep dips up to 26 
degrees, indicating deposition from Vulcanian clouds. The pumice con- 
tains microlites of basic andesine or acid labradorite and hypersthene, 
imbedded in glass of indeterminable refractive index, clouded with clay. 
There is a decided difference in the appearance of these tuffs and that of 


%F, C. Calkins: The granitic rocks of the Yosemite region, U. 8. Geol. Surv., Prof. Pap. 160 
(1930) p. 126-127. 

$1 A, Hague and J. P. Iddings: Notes on the volcanoes of northern California, Oregon and Wash- 
ington Territory, Am. Jour. Sci., vol. 26 (1883) p. 230. 

TT. Ogura: The quartz basalt of Taradake, Japan, Geol. Mag., vol. 66 (1929) p. 68-71 . 

83 A. Harker: The natural history of igneous rocks (1909) p. 355. 

%R. H. Finch and C. A. Anderson: The quartz basalt eruptions of Cinder Cone, Lassen Volcanic 
National Park, California, Univ. Calif. Publ., Dept. Geol. Sci., Bull. 19 (1930) p. 264. 
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the rhyolite pyroclastics southeast of Kelseyville. Color and minerals 
indicate andesitic or dacitic composition. A few lapilli and small blocks 


of rhyodacite are present. 
BRECCIA 


Breccia composed of angular fragments of rhyodacite is exposed for 
almost a mile along the road west of Soda Bay. The fragments average 
6 to 8 inches in diameter, with sporadic large blocks, several feet across. 
The breccia is not compacted but has a number of open spaces between 
the fragments. Possibly, it is a local landslide breccia. 


LAVA FIELD SOUTH AND EAST OF MOUNT KONOCTI 


Similarity of the lavas south and east of Mount Konocti to those com- 
posing the volcanic cone might, perhaps, suggest that the lavas came from 
the same central source. However, certain evidence suggests that the 
lava field is composed of viscous flows that were extruded from a number 
of local vents. Thurston Lake basin illustrates the point very well, for 
it is surrounded on all sides by steep lava walls that appear to be the 
fronts of viscous lava flows, and the basin was formed because the flows 
came from all sides and did not coalesce in the center (PI. 4, fig. 1). 
Davis ** came to the same conclusion: “Thurston Lake * * * occupies a 
deep hollow that is accidentally enclosed by the up-building of several 
voleanic mounts around it... .” Several smaller meadows enclosed in 
the rhyodacite also appear to have this origin. Projecting lobes indicate 
that the lava field is composed of several flows, each largely buried under 
a succeeding flow. On the south side of Thurston Lake, there is a remark- 
able suggestion of this superposition, the upper flow dipping to the north 
(Pl. 4, fig. 2). The individual flows appear to be about 200 feet thick, 
making a total thickness of 500 to 600 feet above the lake basin. 

The elevation of Thurston Lake basin is about the same as that of Clear 
Lake, and the lake fluctuates considerably (Pl. 4, fig. 1). The water is 
fresh in spite of its lack of outlet, and, according to Becker,** it abounds 
in animal life, some of the fish being apparently of the same species as 
those found in Clear Lake. He suggested that the fluctuation in lake level 
corresponds closely to that of Clear Lake, indicating an undergound con- 
nection between the two. But among viscous flows such as these, lava 
tubes are not likely to be present, so that, if any connection exists, it is 
probably through the jointed lava and underlying sediment. It may be 
that Clear Lake existed prior to the eruption of these flows, and that they 
are responsible for the isolation of Thurston Lake from the larger basin. 


%W. M. Davis: Lakes of California, Calif. Jour. Mines Geol., vol. 29 (1933) p. 218. 
% G. F. Becker: Geology of the quicksilver deposits of the Pacific slope, U. 8. Geol. Surv., Mon. 13 
(1888) p. 244. 
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Scattered exposures of rhyodacite are to be seen to the east of Clear 
Lake, resting upon the deformed Cache formation. Here, apparently, the 
lava was more widespread in its distribution. 


RECENT VOLCANIC ACTIVITY 
LAVA FLOWS AND CINDER CONES 


One of the most important features in the region’ is the presence of lava 
flows and cinder cones, formed since the development of the present major 
topography. Their age cannot be measured in years, but the absence of 
conspicuous erosion suggests that they were erupted within the last few 
thousand years. Doubtless, if they were present in a more arid climate, 
they would be as fresh in appearance as the recent lava flows and cones of 
the Modoc lava beds or Owens Valley, California. At Clear Lake, how- 
ever, the mean annual precipitation is about 30 inches, so that chaparral 
and conifers have grown up to check the erosion. 


SULPHUR BANKS 


The best known of the recent volcanic deposits is at Sulphur Banks, 
where solfataric activity still persists, and has decomposed the recent 
andesite flow in part to white opal, and has deposited sulphur. Whitney *’ 
referred to Sulphur Banks as one of the best occurrences of native sulphur 
in California. As the sulphur was mined, cinnabar was encountered at 
shallow depths, and, since 1875, Sulphur Banks has been mined intermit- 
tently for quicksilver. Some decades ago, geologists attached consider- 
able importance to this area, for metallic constituents are being deposited 
from a magmatic source; several papers appeared regarding the impor- 
tance of this discovery.** The presence of hot water and gases hindered 
underground mining. For some years the mines were idle, but recently 
operations have been resumed on the surface by means of steam shovels 
(Pl. 5, fig. 1). 

At first glance, one might suppose that the andesite at Sulphur Banks 
issued from the cinder cones to the east, but considerable evidence sup- 
ports the contention that it was erupted from vents now covered by lava. 
Immediately north of the lava field, a small hill, 20 feet high and 200 feet 
long, is composed of reddish ejecta containing bombs up to 3 feet across, 


87 J. D. Whitney: Geological Survey of California: Geology, vol. 1 (1865) p. 99. 
% J. A. Phillips: On the connection of certain phenomena with the origin of mineral veins, Philos. 
Mag., vol. 42 (1871) p. 404-405. 
J. A. Phillips: A contribution to the history of mineral veins, Geol. Soc. London, Quart. Jour., 
vol. 35 (1879) p. 390-391. 
J. Le Conte and W. B. Rising: The phenomena of metalliferous vein formation now in progress 
at Sulphur Bank, California, Am. Jour. Sci., vol. 24 (1882) p. 23-33. 
J. Le Conte: On mineral vein formation now in progress at Steamboat Springs compared with 
the same at Sulphur Bank, Am. Jour. Sci., vol. 25 (1883) p. 427. 
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but most of the fragments are smaller, consisting of lapilli, blocks, and 
bombs, ranging from 2 inches to one foot in diameter. These ejecta have 
been welded together, presumably because of their semi-plastic condi- 
tion, at the time of eruption, reminding one of what Tyrrell ** has termed 
agglutinates. Smaller patches of similar material crop out to the south- 
east, in the lava field itself, indicating a number of small secondary vents. 

The lava itself occupies an area of less than one square mile, and rises 
much higher than the agglutinate hill to the north. According to the 
detailed topographic map of Sulphur Banks accompanying Becker’s 
report, the highest part of the lava field is at the southwest, at an eleva- 
tion of 120 feet above the surface of Clear Lake. The surface slopes 
gently to the east, to an elevation of 60 feet. This indicates that the vent 
must have been in the southwestern part of the field. 

The area of intense solfataric activity is limited to the south-central 
portion of the lava field, possibly coinciding with the approximate location 
of a vent. The decomposition of the andesite is the result of attack by 
sulphuric acid, generated by surface oxidation of hydrogen sulphide, which 
is given off from the solfataras and hot springs. The lava is spheroidally 
decomposed, fresh “boulders” being encased in concentric shells of opal- 
ized andesite. Sulphur and, more rarely, cinnabar are deposited in these 
concentric shells. 

The replacement of lavas by opal, as a result of attack by sulphuric 
acid, is a common feature in many volcanic areas such as Lassen Peak and 
Yellowstone, and indicates *° that the sulphuric acid forms as a result of 
limited downward penetration of the surface water. The acid develops 
above the water table and becomes concentrated as a result of progressive 
oxidation and evaporation. 

The fresh lava is grayish-black, slightly vesicular with carbonate and 
opal infillings, particularly near the zone of intense solfataric action. 
Much of the carbonate is in straw-colored acicular crystals, and the ease 
with which they are stained by a manganese sulphate-silver sulphate solu- 
tion indicates that they are aragonite.*t A microscopic examination 
reveals a subparallel arrangement of plagioclase microlites, separated by 
granules of pyroxene and pale-colored glass (Fig. 7A). Imbedded in this 
almost pilotaxitic aggregate are scattered magnetite cubes, slender plagio- 
clase laths, .8 to 1 millimeter long, their width about one tenth their 
length, and, rarely, olivine crystals, about 1 millimeter long. The plagio- 
clase microlites appear to be basic andesine; the microphenocrysts are acid 


% G. W. Tyrrell: Volcanoes (1931) p. 66. 
“EE. T. Allen: Neglected factors in the development of thermal springs, Nat. Acad. Sci., Pr., 
vol. 20 (1934) p. 345-349. ‘ 


“1H. Leitmeier and F. Feigl: Eine einfache Reaktion zur Unterscheidung von Calcit und Aragonit, 
Min. Pet. Mitt., N. F., Band 45 (1934) p. 447-456. 
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Ficure 1. Su_tpHur BANKS 
Andesite altered to white opal by intense solfataric action. Steam shovels are used to mine the opal- 
ized andesite for its quicksilver content. 


Ficure 2. BiLocky LAVA FLOW 
Resting upon Recent alluvium at the eastern margin of High Valley. 


RECENT LAVA FLOWS 
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Ficure 1. CHatk 
A plug-dome of massive hypersthene dacite protruded through the Cache formation. Locally altered 
by solfataraic action to white opal. 


Ficure 2. Lirrte Borax LAKE 
Viewed from Buckingham Peak. The lake (small lake in the foreground) occupies a crater blasted 
through unconsolidated sediments at the base of Buckingham Peak. 


CHALK MOUNTAIN AND LITTLE BORAX LAKE 
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labradorite. Most of the pyroxene granules show inclined extinction, but 
a few appear to be hypersthene. 

The lava was previously classified as augite andesite *? and basalt.** 
The analysis (Table I, no. 2) shows more silica than an ordinary basalt, 
and the normative plagioclase is andesine-labradorite, so the rock has 
been termed an augite andesite. 

The sediments underlying the lava were referred to the Cache forma- 
tion by Forstner,** but the writer concurs with Becker’s *° suggestion that 
they are recent lake deposits. 


CINDER CONES EAST OF SULPHUR BANKS 


Two cinder cones rise from the alluviated stream valley, a mile or two 
to the northeast of Sulphur Banks (Pl. 2). These have been breached 
to the west, presumably as a result of explosive activity, for the cones are 
little affected by erosion. The highest parts of the rims rise about 400 
feet above the floors of the craters, and the base of each cone has a 
diameter of about half a mile. The cones are composed essentially of 
reddish basaltic lapilli, with scattered bombs, up to 3 feet long. 

Between the cones is a low ridge, 30 feet wide; it is composed of basaltic 
lapilli, blocks, and bombs and is capped by a thin flow of basalt that 
extends several hundred yards to the northwest, where it rests on alluvium. 
Though there is no sign of a crater, it is apparent that this lava welled out 
of an opening between the cones. A small, slightly eroded flow of basalt 
extends westward from the southern cinder cone, and the distal end has 
been covered in part by alluvium. 

Most of the lapilli are so reddened by oxidation of the iron that little 
information can be gained from thin section, but one of the bombs showed 
scattered crystals of plagiociase, olivine, and augite, imbedded in a vesicu- 
lar black opaque groundmass. In very thin edges, this opaque base can 
be resolved into glass heavily charged with magnetite dust and scattered 
microlites. The plagioclase phenocrysts range in composition from basic 
labradorite to bytownite and are, thus, in marked contrast to those of the 
augite andesite flow at Sulphur Banks. 

The lava flow between the cones is finely vesicular dense rock with 
rare phenocrysts of olivine and basic labradorite. In thin section, rare 
hypersthene phenocrysts accompany the olivine and plagioclase. The 
phenocrysts apparently comprise only about one per cent of the rock, the 
main bulk being of a felt of plagioclase microlites with pronounced paral- 
lelism, and a little pyroxene and magnetite in granules. 


43 J, Le Conte and W. B. Rising: op. cit., p. 25. 

43 G. F. Becker: op. cit., p. 252. 

“W. Forstner: The quicksilver resources of California, Calif. State Min. Bur., Bull., vol. 27 
(1903) p. 64. 

#@G. F. Becker: op. cit., p. 254. 
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ANDESITES EAST OF HIGH VALLEY 


Several miles northwest of Sulphur Banks lies a topographic depression, 
called High Valley (Pl. 2). It is elongated in an east-west direction, with 
a length of three miles, and has a maximum width of over a mile. The 
elevation of the alluviated floor is about 1550 feet. It has been suggested 
that High Valley was once occupied by a lake, but is now drained as the 
result of headward erosion of a tributary to Clear Lake.*® Even now the 
drainage is poor during the rainy season. Presumably, the basin owes 
its origin to faulting, for topographically it presents the appearance of a 
graben. 

The eastern part of High Valley is occupied by a recent flow of blocky 
andesite, resting upon alluvium (PI. 5, fig. 2). One mile and a half to the 
east, a perfectly symmetrical cinder cone rises about 400 feet above the 
lava field. At the top, a shallow crater, 40 feet deep and about 300 feet 
in diameter, is still preserved. Few bombs were noted, most of the ejecta 
being reddish lapilli. Some soil has developed on the cone, and scattered 
chapparal has taken root, but in spite of vegetation, the cone has a strik- 
ingly recent aspect. At the west base, there is evidence of two flows, one 
partly buried by cinders from the cone, and a later flow devoid of a 
mantle of ejecta. The later flow is characterized by a number of craggy 
ridges, 20 to 30 feet high. 

The lava field extends to the east as far as the North Fork of Cache 
Creek, crossing the fault separating the Cache formation from the Fran- 
ciscan rocks. The slopes west of the fault are steeper than those to the 
east, and, as the lava cascaded eastward, it surrounded an island or 
“kipuka” of Franciscan rocks. To the east, the lava field rests upon a 
surface of low relief, carved from the Cache formation, so that a horizon- 
tal tableland is the result. The recent appearance of this flow is well 
illustrated where it crosses the fault; the crag-like and channeled surface 
of the congealed lava is covered with sparse vegetation so that it looks as 
if it had been erupted within the last few hundred years. Elsewhere, a 
greater antiquity is suggested by the heavy mantle of vegetation. 

The andesite is medium- to dark-gray, with both massive and vesicular 
facies. A typical thin section reveals acid labradorite as the chief phen- 
ocrysts (7 per cent), 1 to 1.5 millimeters in length, associated with olivine 
(1.5 per cent) and pyroxene (2.5 per cent), the latter dominantly augite. 
These phenocrysts are imbedded in a hyalopilitic groundmass (89 per 
cent) of plagioclase microlites and granular pyroxene, with interstitial 
brownish glass dusted with magnetite (Fig. 7B). In some specimens, the 
glass is so heavily charged with magnetite as to be opaque. In the south- 


4 FE. J. Carpenter, R. E. Storie and S. W. Cosby: Soil survey of the Clear Lake area, California, 
U. 8S. Dept. Agric., Bur. Chem. and Soils Ser. 1927, no. 13 (1931). 
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eastern lobe of the flow, near Cache Creek, hypersthene appears in greater 
percentage, at the expense of the olivine. 

The modal composition might suggest that the rock is an olivine basalt, 
but the chemical composition (Table I, no. 3) shows more silica than does 
an ordinary basalt. Furthermore, the norm shows over 10 per cent quartz 
and 62 per cent feldspar and only about 26 per cent femic minerals. Ac- 
cording to Washington,*? the rock might more appropriately be called 
an olivine-labradorite-andesite, though some might prefer basaltic ande- 
site. 

The augite andesite of Sulphur Banks and the olivine andesite are very 
similar in chemical composition (Table I, nos. 2 and 3). The Sulphur 
Banks rock is practically holocrystalline, so that most of the early formed 
crystals of olivine had an opportunity to react with the melt before erup- 
tion; whereas, in the High Valley basalt, the lack of such reaction left 
the early crystals of olivine as phenocrysts. 


BORAX LAKE AND THE ADJACENT FLOWS OF DACITE AND OBSIDIAN 


General statement.—The recent volcanic activity south of Borax Lake 
is of considerable interest, because an earlier olivine dacite flow is over- 
lain by a rhyolitic obsidian flow. Both lavas were erupted after a north- 
west-trending valley was carved out of Franciscan rocks. The dacite 
flow is exposed only at the southeastern end of the valley, where it clearly 
covers the major fault bounding the Franciscan rocks. The dacite flow 
is rather thin, presenting a front, 15 to 25 feet in height. It is composed 
essentially of blocks of black, vesicular aphanitic dacite, though on the 
western edge, the top of the flow is red and scoriaceous. The surface is 
characterized by pronounced ridges and depressions. 

The black obsidian rests upon the dacite, a steep front, 40 to 50 feet 
in height, marking the edge of the flow. The top of the obsidian flow 
is flatter than that of the dacite, and the obsidian has disintegrated more 
rapidly, so that fragments of glass and pumice mantle the soil. In some 
places, the gray surface phase of the obsidian flow is pumiceous, resem- 
bling the obsidian flows of Glass Mountain.** Possibly, the vent of this 
flow lies in the northern part of the field, for a small hill of pumiceous 
lava there rises 30 to 40 feet above the obsidian surface, suggesting that 
the last lava to be erupted was so viscous that it was protruded as a 
dome. This also is analogous to Glass Mountain. 

Borax Lake occupies a shallow depression, northwest of the obsidian 
flow, and it occasionally dries up completely. The presence of borax 


“H. 8. Washington: Petrology of the Hawaiian Islands: I, Kohala and Mauna Kea, Hawaii, 
Am. Jour. Sci., 5th ser., vol. 5 (1923) p. 469. 

*C. A. Anderson: Volcanic history of Glass Mountain, northern California, Am. Jour. Sci., 5th 
ser., vol. 26 (1933) p. 496. 
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was first detected by Veatch *° in 1856; some borax crystals were removed 
from the mud, and borings were made in the hope of renewing the supply. 
The source, however, appears to have been from the northeastern edge of 
the obsidian, at Little Sulphur Bank, where there is some indication of 
recent solfataric activity. Some sulphur is present, but the obsidian is 
not badly decomposed. The solfataric action is feeble at the present time, 
although the ground is moist and warm, and a faint odor of hydrogen 
sulphide can still be detected. The surface slopes gently to the north, so 
that any active discharge from the springs in the past would find its way 
to the basin, where it would be concentrated. 


Petrography.—The dacite is essentially vesicular and aphantic in its 
field appearance. As seen under the microscope, it is characterized by 
rather small (.1 to .15 mm.) phenocrysts of plagioclase (basic andesine 
to acid labradorite) augite and olivine (named in order of abundance) 
set in a hyalopilitic groundmass (Fig. 7C). The glass may be clear brown 
or dusted with magnetite. The index of refraction of the clear brown 
glass is 1.495 + .004, indicating high silica content, as proven by the 
chemical analysis (Table I, no. 7). Holocrystalline inclusions of olivine, 
augite, and plagioclase are scattered through the rock. 

In contrast, the obsidian contains numerous small gray inclusions, 
which consist largely of greenish-brown acicular hornblende and plagio- 
clase (andesine) with accessory augite and hypersthene. Interstitial 
colorless glass is commonly present. These same minerals are in clots 
and isolated crystals scattered through the obsidian; the latter may be 
either phenocrysts or dismembered inclusions. A few microlites are im- 
bedded in the colorless glass of the obsidian, which is characterized by 
whirls and bands of crystallites. The index of refraction of the glass is 
1.485 + .003, which indicates a very silicic glass, a suggestion borne out 
by the chemical analysis (Table I, no. 13). 

The analyses (Table I, nos. 7 and 13) do not represent single hand speci- 
mens, but composite samples, free from inclusions, collected from a large 
area. The two flows are of some interest, for they were apparently erupted 
from closely associated vents. The holocrystalline aggregates are prob- 
ably cognate inclusions of a more basic differentiate, and the isolated 
crystals of olivine in the dacite are probably the result of disintegration 
of these olivine-bearing fragments. In fact, some of the pyroxene and 
plagioclase considered as phenocrysts may also be xenocrysts. If such 
cognate inclusions were picked up during the eruption, insufficient time 
might have elapsed to permit the conversion of the olivine to hypersthene, 


“J. D. Whitney: Geological Survey of California: Geology, vol. 1 (1865) p. 98. 
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in keeping with Bowen’s reaction principle,®° even though disintegration 
of the inclusions took place. 

Hawkes ** described olivine dacite from Iceland and cited other similar 
examples, but in them, the olivine is of the iron variety, fayalite. In 
the Borax Lake dacite, the indices of refraction of the olivine indicate 
only 16 per cent fayalite, so that it seems reasonable to suppose that the 
olivine is from inclusions. 

The inclusions in the rhyolitic obsidian differ in having hornblende 
instead of olivine. Possibly, the same differentiate supplied the inclu- 
sions, but, with the passage of time, reaction with magma converted the 
olivine to hypersthene and the augite to hornblende. Thus, when the 
obsidian was erupted, the inclusions were characterized by minerals later 
in the reaction series. In the rhyolitic obsidian, apparently these inclu- 
sions are not of sufficient importance to modify appreciably the compo- 
sition of the rock. 

BASALTS SOUTHEAST OF THURSTON LAKE 

The most southerly of the recent cinder cones is perched upon the 
rhyodacite flows, less than a mile southeast of Thurston Lake, and re- 
sembles the Sulphur Banks cones in that it, also, is breached, opening to 
the northeast. It is composed of reddish basaltic cinders, lapilli, and 
bombs, up to several feet long. In the road-cuts, the pyroclastic material 
has weathered to a depth of several feet. 

A basalt flow extends to the east of the cone, also resting upon the 
rhyodacite in the western part, but the eastern half of the flow covers the 
Cache formation. Whether the lava flow antedates the cone is not clear, 
because a heavy covering of chaparral prohibits detailed observation, but 
there is seemingly an absence of basaltic cinders on the flow, indicating 
that it post-dates the building of the cone. 

This lava is more basic than the other recent lava flows, for olivine, 
rimmed with magnetite, is more conspicuous (5 per cent as phenocrysts), 
and the plagioclase is basic labradorite (8 per cent). Augite is the other 
important phenocrystic mineral (3 per cent). The groundmass (84 per 
cent) varies from pilotaxitic to black and opaque. Where it is heavily 
charged with magnetite dust, the rock is dark, but where the magnetite is 
in scattered cubes within the pilotaxitic groundmass, the rock is medium- 
gray. 

CHALK MOUNTAIN DACITE 

Chalk Mountain is a small conical hill, about a quarter of a mile in 

diameter, which rises 400 feet east of the North Fork of Cache Creek. 


&N. L. Bowen: The lution of ig rocks (1928) p. 60. 
51. Hawkes: On an olivine dacite in the Tertiary volcanic series of eastern Iceland: the Rauthas- 
kritha, Geol. Soc. London, Quart. Jour., vol. 80 (1924) p. 549-565. 
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Because of the brilliant white color of the altered lava composing most of 
the hill, it is a prominent land mark (PI. 6, fig. 1) and is easily visible from 
the Williams-Clear Lake highway, 4 miles to the south. It appears to be 
a dome or plug-dome, of originally massive medium-gray dacite, pro- 
truded into the Cache formation. Later solfataric action from a number 
of vents on the hill has resulted in extensive bleaching and decomposition 
of the rock. There is a feeble discharge of cold water containing hydrogen 
sulphide, on the western side of the hill, and this gas can be detected faintly 
on the top. Otherwise, the vents are inactive. Stream terraces at the west 
base have been coated with white spring deposits, indicating the recency 
of the more intense solfataric activity. 

Becker * considered the lava of Chalk Mountain to be of Pliocene age, 
erupted prior to the deposition of the Cache formation, largely because he 
reported fragments of similar lava in the gravels. However, the presence 
of a conical hill of massive lavas, surrounded on three sides by the Cache 
formation, permits no other interpretation than that it was intruded into 
the sediments. The recency of the solfataric activity suggests that per- 
haps the lava was erupted within the last few thousand years. 

The fresh lava is a dense medium-gray rock, containing visible pheno- 
crysts of plagioclase and green hypersthene. The latter mineral is con- 
spicuous, ranging in length from .1 to .75 millimeter, and comprising about 
10 per cent of the rock. Locally, it is altered to tale (?). The plagioclase 
phenocrysts (acid labradorite) are fewer in number (4 per cent) and aver- 
age .6 millimeter in length. There are, also, prisms of pale greenish yellow 
hornblende (less than one per cent) which are partly altered to iron oxide 
(Fig. 6C). 

The groundmass (87 per cent) is light colored, largely cryptocrystalline, 
and contains many medium andesine microlites, with scattered pyroxene 
granules and minute magnetite cubes. 

The bleached, white lava is comparable to the altered lava at Sulphur 
Banks and consists largely of pale-yellow opal and quartz. The original 
porphyritic texture can be recognized, in part, the hypersthene having 
been replaced with darker-colored opal. 

A chemical analysis of the fresh rock is given in Table I, no. 8, and the 
computed normative plagioclase, An 26, is much more acid than the modal 
plagioclase, indicating that there is much acid plagioclase in the crypto- 
crystalline groundmass. Excess silica must be present to account for 20 
per cent normative quartz. In the field, the rock has the appearance of 
an andesite, but the high silica content necessitates a shift of designation 


from that class to hypersthene dacite. 


5G. F. Becker: Geology of the quicksilver deposits of the Pacific slope, U. 8. Geol. Surv., Mon. 13 
(1888) p. 238. 
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LITTLE BORAX LAKE 


Little Borax Lake occupies a shallow crater, nestling at the base of the 
steep slopes descending from Buckingham Peak (PI. 6, fig. 2). The crater 
apparently was formed as the result of a phreatic explosion, for no juvenile 
ejecta are present in the fragmented rocks composing the crater ridge to 
the west and north. Presumably, the vent was blasted through the lavas 
and sediments at the junction of Buckingham Peninsula and Mount 
Konocti. This explosion must have taken place rather recently; other- 
wise, the low sandy ridge separating the lake from Clear Lake would have 
been removed by erosion. 

The water is saline, and, according to Becker,®* upon evaporation, 
borates and carbonates of the alkalies are deposited. In addition, some 
flat-lying beds of calcareous tufa, 2 to 3 feet thick, are above the water 
line along the south side of the lake. There is no active hot spring action 
at the present time nor the addition of soluble salts. The basin is very 
shallow and has dried up in the past, but the present owners of the prop- 
erty replenish the water once a month in the summer, in order to maintain 


the lake. 
BASALTS SOUTH OF MOUNT KONOCTI 


South of Mount Konocti, resting on rhyodacite, obsidian, and rhyolite, 
are several small isolated patches of basalt, indicated on Plate 2 as 
Recent. All these have been partly eroded, and most of them form 
terraces above the present stream valleys. Certainly, they were erupted 
after the development of the major topography in the area south of Mount 
Konocti, but whether they are as recent as the other lava flows, already 
discussed, is questionable. Several dikes indicate that the flows welled 
from fissures. 

These basalts contain scattered olivine, augite, and basic labradorite, 
set in a pilotaxitic groundmass of plagioclase microlites, pyroxene (largely 
hypersthene) granules, and magnetite cubes. 


ALIGNMENT OF VENTS 


There is a marked alignment of the cinder cones, the trend being about 
N.10° E. The recent flows south of Borax Lake also fall on this line, but 
the lava flow at Sulphur Banks and the small vent-fillings to the north- 
east, are not on the line; possibly they represent a second line west of the 
main one. Chalk Mountain and Little Borax Lake are also far from this 
line. The alignment bears no relationship to topography or to any known 
fault systems. 


58 Op. cit., p. 268. 
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SUMMARY OF VOLCANIC HISTORY AND PETROGRAPHY 


The earliest volcanic rocks appear to be tuffs and breccias associated 
with an olivine basalt flow, interbedded with the Cache formation of Late 
Pliocene or Early Pleistocene age. 

Mount Konocti represents an eroded multiple composite cone of Middle 
to Late Pleistocene age. The volcano is built up chiefly of rhyodacite 
flows with thin interbedded tuffs. The rhyodacite carries conspicuous 
sanidine, plagioclase, and quartz phenocrysts. Pyroxene and biotite- 
hornblende-pyroxene varieties are present. Rhyodacite flows also erupted 
from scattered vents, or fissures, to form a large lava field to the east and 
south of Mount Konocti. 

Associated areally with the rhyodacites are older rhyolitic pumice 
breccias and tuffs, rhyolitic obsidian, and silicic dacite flows. These may 
be contemporaneous or slightly younger than the Cache formation. 

The recent volcanic activity is represented by the explosion crater of 
Little Borax Lake, the hypersthene dacite plug-dome of Chalk Mountain, 
cinder cones, and various lava flows. The latter include the partly 
solfatarized augite andesite of Sulphur Banks, the olivine andesite east 
of High Valley, and the olivine dacite and its covering of rhyolitic obsidian 
south of Borax Lake. 

Some of the lavas are characterized by xenocrysts. The olivine basalt 
of the Cache formation contains numerous quartz inclusions near the 
probable vent; elsewhere, it is quartz free. The apparent source of the 
quartz is the gravel underlying the lava flow. 

In other lavas, the xenocrysts are cognate in origin. The olivine dacite 
south of Borax Lake contains xenoliths of olivine, augite, and plagioclase, 
partly dismembered so that olivine xenocrysts are conspicuous. The ob- 
sidian covering the olivine dacite contains inclusions of hornblende, plagio- 
clase, augite, and hypersthene. Possibly some of the crystals determined 
as phenocrysts are crystals from the disintegrated xenoliths. The obsidian 
southeast of Mount Konocti also contains aggregates of plagioclase and 
augite. It is suggested that these inclusions and related xenocrysts were 
picked up at the time of eruption from a basic differentiate. 

All the sanidine and some of the quartz crystals of the rhyodacite of 
Mount Konocti and associated lava field have been assumed to be xeno- 
crysts, derived from a silicic differentiate at the time of eruption. 


CHEMICAL COMPOSITION OF THE LAVAS 


Chemical analyses of the various lavas are given in Table I. The varia- 
tion diagram (Fig. 8) illustrates clearly the grouping of the lavas as 
basalts, andesites, dacites, and rhyolites, with a remarkable clustering of 
the dacites. 
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The olivine basalt of the Cache formation (nos. 1 and 4) is of particular 
interest because of its high magnesia and low alumina content. The 
sample collected for analysis number 1, is typical of the lava from the 
middle and southern exposures, in that olivine is the only conspicuous 


° 
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Ficure 8.—Variation diagram of the Clear Lake lavas 


phenocrystic mineral, and no visible quartz grains are present. In spite 
of the absence of free quartz, the rock contains a rather high silica content 
compared to the bases present, and this is reflected by 3 per cent of norma- 
tive quartz. Chemically, the basalt is somewhat similar to the quartz 
basalts of Cinder Cone,** which range in silica from 54.56 to 57.25 per cent 
and in magnesia from 5.94 to 8.71 per cent. The basalt under discussion 
contains even more magnesia. In order to account for this olivine in 
a siliceous rock, there must have been more solution of quartz than is 
apparent, and only near the vent were the quartz fragments frozen in the 
lava. Certainly, there is no manifestation of former quartz inclusions in 
the middle and southern exposures, so the term quartz basalt would be 
wholly inappropriate. 


% J. S. Diller: A late volcanic eruption in northern California and its peculiar lava, U. 8. Geol. 
Surv., Bull. 79 (1891) p. 29. 
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The dacites and rhyodacites show some minor differences among them- 
selves, such as the lower alumina content of the olivine dacite, but the 
magnesia content of this rock is not especially high compared with the 
other closely associated rocks. In contrast, the hypersthene dacite from 
Chalk Mountain is conspicuously rich in magnesia. As might be ex- 
pected, the biotite-bearing rhyodacite contains more potash than does the 
pyroxene rhyodacite. 

The silicic dacite associated with the rhyolitic obsidian south of Thurs- 
ton Lake stands apart from the other dacites and is clearly transitional to 
the rhyolites. If the rock had a slightly smaller lime content, it might be 
grouped with the rhyolites. 

In most of the Clear Lake lavas, soda exceeds the potash even among 
the more silicic rocks, so that the k value—that is, the molecular ratio of 
potash to total alkalies—ranges from 0.23 to 0.40. However, the biotite 
rhyolite pumice has a k value of 0.50, but this is the only rock which verges 
on a potash variety. 

If one is justified in drawing curves between the dacites and the andesites 
on the variation diagram (Fig. 8), the alkali-lime index ** is about 62— 
that is, in the diagram, at 62 per cent of SiO, the lime is equal to the total 
alkalies. According to this classification, the Clear Lake rocks are calcic, 
like those of the High Cascade volcanoes of Lassen Peak, Mount Shasta, 
and Crater Lake. 

Williams ** has recently drawn the variation diagrams for some of the 
Cascade volcanoes, and, if the Clear Lake variation diagram is compared 
with these, two striking differences are revealed—namely, the Al,O, curve 
is much lower, and the MgO curve is higher, in the Clear Lake variation 
diagram. No probable cause suggests itself for these differences. 

Tertiary volcanic rocks are well represented in the Coast Range south 
of Clear Lake. They are usually regarded as Pliocene or older. Only a 
few analyses are available, but the variation diagram shows two differ- 
ences from the Clear Lake diagram; first, the Al,O,; curve is high, resem- 
bling that of the High Cascade volcanoes; second, among the silicic and 
basic rocks, soda-rich varieties are represented.5* The soda-rich basic 
rocks are apparently limited to the Miocene, but there are also normal 


5M. A. Peacock: Classification of igneous rock series, Jour. Geol., vol. 39 (1931) p. 54-67. 
56 Howel Williams: Newberry volcano of Central Oregon, Geol. Soc. Am., Bull., vol. 46 (1935) 
p. 296-298. 
57 Charles Palache: The soda-rhyolite north of Berkeley, Univ. Calif. Publ., Bull. Dept. Geol., 
vol. 1 (1893) p. 61-72. 
A. C. Lawson: San Francisco folio, no. 198, U. S. Geol. Surv. (1914) p. 12. 
H. W. Fairbanks: On analcite diabase from San Luis Obispo County, California, Univ. Calif. 
Publ., Bull. Dept. Geol., vol. 1 (1895) p. 273-300. 
N. L. Taliaferro: Analcite diabase and related rocks in California, Geol. Soc. Am., Bull., vol. 42 
(1931) p. 296. 
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calc-alkalic basic andesites of that age.5* The origin of these soda-rich 
lavas is beyond the province of this paper, but it is worthy of mention 
that they are absent from the Clear Lake area. 


HISTORY OF CLEAR LAKE 


Clear Lake floods an intermont basin plain which bears no relationship 
to the basin in which the Cache formation accumulated, for the Clear 
Lake basin was formed after the faulting and folding of the Cache forma- 
tion. More detailed work is necessary to elucidate the origin of this plain, 
but a study of the topography suggests that the eastern margin of the 
basin was formed partly by faulting. This is verified by the numerous 
slickensided and brecciatéd rocks exposed along the highway that parallels 
the eastern shore of the lake, north of the area shown in Plate 2. 

The present lake is shallow, “the greatest depth in the upper half of the 
lake is 35 feet, but in the lower portion, there are small areas 50 feet 
deep.” °° Apparently, the lake formerly stood at higher levels, as shown 
by lacustrine deposits near the outlet of the lake, Burns Valley, and near 
Sulphur Banks, some of these being mantled by recent alluvial deposits 
and possibly grading into fluvial deposits at greater distances from the 
lake. The well-developed terraces that transgress the major fault north 
of Burns Valley, however, indicate a still-higher level for the lake at an 
earlier period, and deposits on Buckingham Peninsula corroborate this. 
The peninsula is composed largely of clastic rocks, with 100 feet of hori- 
zontally bedded coarse breccia to fine sand, exposed on the western side. 
Poor outcrops of these rocks are found elsewhere. The detritus is a mix- 
ture of Franciscan sandstone, serpentine, chert, and volcanic rocks, the 
last-named being similar to the pyroclastic rocks and lavas found on 
Mount Konocti. At the south end of the peninsula, a lava flow of rhyo- 
dacite is exposed underneath the sands and breccias. 

Water-deposited volcanic fragments are exposed in the area between 
Soda Bay and Little Borax Lake, resting on an eroded surface carved 
from the Konocti lavas. These appear to be related to the sediments on 
Buckingham Peninsula, for they crop out at comparable elevations. 

The history of the lake, as outlined by Davis, is in agreement with 
these observations. According to Davis, previous to the production of the 
lake, two streams drained the basin, one (Cold Creek) flowing northwest- 
ward and cutting a deep gorge through to the Russian River, which led 
the water to the Pacific Ocean, 55 miles north of San Francisco. The other 
stream (Cache Creek) cut a longer gorge eastward to the Sacramento 


Personal communication from N. L. Taliaferro. 
8 A. E. Chandler: Water storage on Cache Creek, California, U. 8. Geol. iiees W. 8. Pap. 45 
(1901). 
© W. M. Davis: The lakes of California, Calif. Jour. Mines Geol., vol. 29 (1933) p. 197-200. 
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_ Valley. Then, the eastern stream was blocked near the gorge entrance by 
a lava flow, and the headwaters were diverted to Cold Creek. The 
erosional remants of rhyodacite, north and south of Cache Creek, indicate 
that a continous flow was once present. 

At a later date, a landslide “from the southern side of the western gorge 
near its mid-length, filled it up for a mile or more to a higher level than 
that of the lava flow near the far end of the basin plain. The obstruction 
was so effective that a lake, fed by the streams that flowed into the basin, 
slowly rose higher and higher behind the slide, spreading over more and 
more of the plain until it overflowed across a sag in the lava flow. The 
overflowing stream thereupon cut a trench (Redbank Gorge) across the 
flow, thus lowering the lake about 60 feet below its highest level, giving it 
a discharge through the eastern gorge, and re-enforcing the previously 
beheaded eastern stream (Cache Creek) .”* 

In detail, there should be a few minor corrections to this outline, for 
Redbank Gorge, two miles west of the dam on Cache Creek (Plate 2), 
is cut through the Cache formation, locally reddened by iron oxide, the 
rhyodacite flow resting upon the sediments. Apparently, the lava served 
as a barrier, but whether it was partly eroded before the landslide, or 
was removed as the result of overflow from the lake at the time it was 
formed, is a difficult question to answer. Unquestionably, a barrier at this 
place caused the lake to stand at a high level, and at that time the terraces 
in Burns Valley and the breccias and sands probably accumulated at 
Buckingham Peninsula and near Soda Bay. 

Davis also states that the landslide took place only a few centuries ago, 
but it must be emphasized that the crater now occupied by Little Borax 
Lake was blasted through the high-level sediments of Buckingham Penin- 
sula and that the andesite flow at Sulphur Banks rests upon lake deposits 
that accumulated when Clear Lake stood at a higher level than now. It 
is more likely, therefore, that Clear Lake came into existence some tens of 
centuries ago, prior to some, if not all, of the recent volcanic activity. 
However, Olaf P. Jenkins,** who accompanied Davis on several trips to 
Clear Lake, has suggested that there were probably a number of land 
slides damming the northern outlet, and the last one may be the only one 
as recent as a few centuries ago. 


University or Catirornia, Berkerey, Catir. 
MANUSCRIPT RECEIVED BY THE Secretary of THE Sociery, Novemser 18, 1935. 
Reap Berore THE CoRDILLERAN SECTION, ApPrit 13, 1935. 
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INTRODUCTION 


Among the many important discoveries made during the mapping of 
the Lacolle, Sutton, and Memphremagog quadrangles for the Geological 
Survey of Canada in recent years was that of a conglomerate formation 
whose outcrop traverses the middle of the Lacolle quadrangle from north 
to south, passing through the village of Lacolle. This formation was 
mentioned, but not described, in a recent paper by the senior author.’ 
The outcrop (Fig. 1) was mapped by the junior author. 

For constructive criticism regarding the age and correlation of this 
formation, thanks of the authors are due Dr. G. M. Kay, to whom the 
senior author is also indebted for calling attention to an error in Figure 2 
of his previous article, in which the Lacolle conglomerate is shown in the 
geological cross-section as basal to the Chazy, instead of basal to the 
Stony Point. 

Except for its southeast corner, the Lacolle quadrangle lies within the 
Appalachian foreland. The frontal thrust passes through Philipsburg, 
15 miles east-southeast of Lacolle village. The rocks of the foreland 
are divided into two parts by the Tracy Brook normal fault, with more 
or less north-south trend, and downthrow on the east. East of the fault 
there are two formations: 


Iberville shale Utica 
Stony Point shale Trenton ? 


1T. H. Clark: Structure and stratigraphy of Southern Quebec, Geol. Soc. Am., Bull., vol. 45 
(1984) p. 5. 
2 Unless otherwise specified, the term Trenton is used to refer to the Trenton Group. 
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West of this fault, the succession of the strata is as follows: 


Lacolle conglomerate Trenton 

Chazy limestone Chazy 
Beauharnois dolomite Beekmantown 
Potsdam sandstone Upper Cambrian 


West of the fault the beds are essentially horizontal. Eastward, they 
are horizontal for half the distance toward the Philipsburg thrust; there- 
after, they are progressively more and more warped, folded, and crumpled, 
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Figure 1—Orientation map of the Lacolle sheet showing in solid black the areas 
occupied by the Lacolle conglomerate 


until, at Philipsburg, they are crushed beneath the overriding Appalachian 
slices, and their stratification is contorted beyond recognition. The dis- 
tribution of the formations is shown in Figure 1. 

Although the Lacolle conglomerate outcrops for more than eight miles 
on each side of a main highway, nothing has hitherto been reported on 


this formation. 
DISTRIBUTION AND LITHOLOGY 


The conglomerate occurs in scattered outcrops, a few feet to a few 
hundred feet wide, all of which, so far as known, are indicated on the 
accompanying map (Fig. 2) and numbered if referred to in the text. 
Almost all the exposures south of Lacolle village show a predominance 
of unfossiliferous dolomite phenoclasts, with a few limestone phenoclasts 
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that carry some fossils, all apparently derived from the Beauharnois 
formation. On the other hand, though dolomite phenoclasts also pre- 
dominate in the vicinity of, and to the north of, the village, there are, 
as well, fossiliferous limestone phenoclasts which came from the Chazy 
and from some low horizon in the Trenton. 

In the outcrop at the boundary line (Fig. 2, no. 1) the phenoclasts are 
indistinguishable from the dolomite of the Beauharnois formation. They 
are sub-angular to angular, and range in diameter up to 6 feet. The little 
matrix present is made up of small fragments of dolomite in a calcareous 
cement. Two-thirds of a mile north of this locality, another exposure 
(Fig. 2, no. 2) shows a small patch of conglomerate directly overlying a 
10-foot development of the Beauharnois. The phenoclasts here are of 
two types; one is relatively pure, dark gray, brownish-weathering dolo- 
mite; the other is gray, highly arenaceous dolomite. Both types are 
identical with the interbedded dolomite and arenaceous dolomite below. 
The actual contact of the conglomerate with the beds below is obscure, 
but the respective position of the two formations gives the impression 
that the conglomerate fills hollows or depressions in the underlying 
Beauharnois. 

Two and a half miles north of this outcrop, on the north-south road 
branching from the main highway near Odelltown, there is another out- 
crop of the conglomerate (Fig. 2, no. 3). Here, in addition to dolomite 
and arenaceous dolomite phenoclasts, there are a few small (6 inches to 
18 inches across) phenoclasts of limestone. Lithologically, these lime- 
stone phenoclasts have a closer resemblance to the limestone beds in the 
Beauharnois formation than to any other limestone found in place in the 
western district. The dolomite phenoclasts range in size from small 
“pebbles” to blocks with a length of 25 feet and a thickness of 4 feet. 
These large masses are confined to the west side of the conglomerate 
outcrop, and overlie, but cannot be seen in actual contact with, horizontal 
beds of arenaceous dolomite of the Beauharnois in place, carrying “Ophi- 
letas,” identified as Lecanospira conferta Ulrich. The jumbled nature 
of the conglomerate, and the large size and angularity of many of the 
phenoclasts to one side of the outcrop, suggest that much of the material 
of the conglomerate was not transported any great distance. 

One of the crystalline limestone phenoclasts in the conglomerate at 
this locality contains a few fragments of trilobites, mainly free cheeks 
and genal spines, as well as one fairly well preserved cranidium, similar 
to that of a Leiostegium, and an almost entire pygidium which resembles 
a minute Bathyurellus or Dolichometopus. The genus Bathyurellus has 
been reported from Ozarkian, Canadian, and Chazyan formations; Doli- 
chometopus seems to be confined to the Canadian or Beekmantown in 
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America; the genus Leiostegiwm has never been reported from the Chazy 
basin. Thus, although fossils are found in the phenoclasts of this exposure, 
they are, by themselves, of little use in determining the age of the con- 
glomerate. 

Five-eighths of a mile northeast of exposure 3, or 114 miles south of 
Lacolle, are two exposures, one on either side of the King Edward high- 
way (Fig. 2, no. 4). The outcrop on the western side of the highway 
measures about 300 feet across the strike, but even in that distance the 
limestone phenoclasts decrease in number from east to west. In the 
eastern part, the conglomerate shows more than the usual number of 
limestone phenoclasts; on the western side, it is made up almost exclu- 
sively of dolomite and arenaceous dolomite phenoclasts. At the western 
side of this outcrop, also, the phenoclasts are large and extremely angular, 
and the conglomerate overlies flat beds of arenaceous dolomite, with little 
sign of erosion in the dolomite beds at the contact. 

On the eastern side of the highway at this locality there are two out- 
crops, the northern one being conglomeratic, and the southern consisting 
of massive, dark gray, somewhat arenaceous, crystalline dolomite, in 
flat-lying beds. The relative position of these outcrops indicates that the 
conglomerate overlies the dolomite, which would then be an inlier within 
the Lacolle formation. No fossils were found in either the dolomite or 
the conglomerate, although the latter contained several limestone pheno- 
clasts. 

Half a mile north of these outcrops, and about the same distance south 
of Lacolle village, conglomerate outcrops in two knolls (Fig. 2, no. 5) 
are separated from each other by about 400 feet of drift. The more 
northerly outcrop contains more dolomite than limestone phenoclasts, 
the latter abundantly fossiliferous, with faunas ranging above the Chazy. 
On the eastern side of the southern outcrop, there are more limestone 
than dolomite phenoclasts, and many of the limestone fragments contain 
fossils in abundance, some of which are not known below the Trenton. 
A few feet to the west and north, beyond a drift-covered interval, an 
erosion remnant of flat-lying Beauharnois dolomite occurs, with a border 
of conglomerate on its western and northern sides. 

Half a mile north of locality 5, on the eastern side of the highway in 
Lacolle village, more conglomerate crops out (Fig. 2, no. 6). Half the 
phenoclasts are of arenaceous dolomites, relatively pure dolomites, and 
limestones, which cannot be distinguished from beds in the Beauharnois 
formation. The remaining varieties are limestones, often highly fossil- 
iferous. The phenoclasts range in size from minute fragments in the 
matrix to blocks measuring 12 feet in length and one foot or more in 
thickness. Some of the phenoclasts are themselves conglomeratic, com- 
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Ficure 2.—Map of part of the Lacolle quadrangle 


Showing all the known outcrops of Lacolle conglomerate in Quebec, except one, which is ten miles 
north of Lacolle. 
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posed of angular fragments of dark and grayish shales of unknown origin, 
in a calcareous matrix or cement, the secondary phenoclasts averaging 
less than 2 inches in length. Few of the phenoclasts are rounded. Most 
of them are sub-angular, and many do not show any sign of attrition. 
In the northern part of the exposure the conglomerate is composed mainly 
of dolomite phenoclasts. About 500 feet N. 20° E., in the bed of the 
Lacolle River, another and smaller outcrop shows this same characteristic. 

Slightly west of north of the larger outcrop just described, and five- 
eighths of a mile distant, conglomerate is exposed on the eastern side 
of the highway. Most of the phenoclasts are gray, semi-crystalline to 
crystalline limestone. On the eastern side of this outcrop (Fig. 2, no. 7) 
is massive, dark-gray, brownish-weathering dolomite, apparently in flat 
beds. Only a small amount of the rock is exposed, but it appears to be 
in place. Conglomerate is found on the western side, and at a slightly 
lower altitude, as if surrounding an erosion remnant of the Beauharnois 
dolomite. On the western side of the outcrop are dove-weathering, gray, 
crystalline limestones, in beds ranging from 1 to 6 inches in thickness, 
some of which are conglomeratic, with small pebbles of limestone, up 
to an inch or more in length, in a matrix of much the same type of lime- 
stone. The bedding strikes E. 30° S., and dips to the north at 60 degrees. 
Because of this abnormal structure, and because of the position of the 
limestones in relation to the dolomite, they are believed to constitute 
one large, slab-like, fossiliferous phenoclast of the Chazy in the Lacolle 
conglomerate. This belief is strengthened by the fact that above the 
limestone layers is a conglomerate which contains phenoclasts carrying 
fossils of Chazyan and younger age. 

Conglomerate is exposed, also, half a mile N. 30° E. of this outcrop. 
There (Fig. 2, no. 8) most of the phenoclasts are gray, crystalline, 
brownish-weathering dolomites. The limestone phenoclasts, throughout 
the outcrop, are much the same as those described from the outcrop in 
Lacolle village, and they contain similar faunas. Conglomerate within 
conglomerate was noted. Some of the limestone phenoclasts are fairly 
well rounded, but most of them are angular, or, at best, sub-angular; the 
dolomite phenoclasts show little sign of wear. The phenoclasts have no 
particular alignment and no size uniformity. They vary from small 
“pebbles” to blocks measuring 6 to 8 feet in length. 

A quarter of a mile due north of this locality, conglomerate is meagerly 
exposed (Fig. 2, no. 9). The phenoclasts are mainly dolomitic, and 
smaller than those of outcrop no. 8. No. 9 is the most northerly exposure 
of conglomerate observed on the N. 10° E. line of conglomerate outcrops 
that extends from the International Boundary through the village of 
Lacolle. 
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One other conglomerate exposure remains to be mentioned. This out- 
crop is about 9 miles north of no. 9, and is well to the west of the line 
of strike of the Lacolle formation at Lacolle. The phenoclasts are of 
two main types: first, a grayish, crystalline limestone, weathering to a 
light grayish-blue; and, second, a very fine-grained, light-gray, “marbly” 
limestone. No dolomite phenoclasts were noticed. Fossils are present 
in some of the phenoclasts, but are not abundant, and are usually frag- 
mentary. However, this conglomerate is definitely younger than the 
local exposures of the Chazy, for one phenoclast contained brachiopods 
identical with forms found in the local (Upper) Chazy limestones. The 
phenoclasts range in size from small fragments up to blocks 3 feet in 
length and 114 feet across. Many of the smaller phenoclasts are sharply 
angular, whereas the larger phenoclasts are sub-angular to angular. 


FAUNA AND CORRELATION 


No fossils have as yet been found in the matrix of the Lacolle con- 
glomerate. Many of the phenoclasts are highly fossiliferous, however, 
and from a study of them, as well as from the apparent stratigraphic 
position of the formation, its approximate age may be established. 

The conglomerate contains phenoclasts of at least three older forma- 
tions, the Beauharnois, the Chazy, and the Trenton. The Beauharnois 
phenoclasts are referred to that age, on lithological evidence alone. In 
all the conglomerate exposures except one, these predominate greatly over 
phenoclasts of other ages. The exception is the last described, most 
northern exposure of the formation, 3144 miles north-northeast of Napier- 
ville, where the phenoclasts are mainly Chazy, with a few belonging to 
a somewhat younger horizon. Whether or not the formations of the 
Black River group are represented among the phenoclasts is not known 
as yet, but the Trenton has a relatively large representation. Phenoclasts 
of Trenton age are common in the exposures at Lacolle village, and also 
at exposure no. 5. Preliminary study of the faunas has been confined 
mainly to these Trenton phenoclasts, as they are the most helpful in 
establishing the age of the conglomerate. 

From the outcrop in Lacolle village (Fig. 2, no. 6) the following forms 
have been identified: 


PHENOcLAST 5— 


Hormotoma gracilis Hall (numerous, with varieties) 
Lophospira cf. perforata Ulrich and Scofield 
Fusispira sp. 

Schizolopha cf. moorei? Ulrich 

Tetranota? sp. 


672 TT. H. CLARK, H. W. MC GERRIGLE—LACOLLE CONGLOMERATE 


PHENOCLAST 6— 


Hormotoma gracilis Hall 
Fusispira? sp. 
Leperditia sp., or Isochilina sp. 


The exposure half a mile south of Lacolle village (Fig. 2, no. 5) con- 
tains: 
PHENOcLAST 1— 


Isotelus sp. 
Sowerbyella “sericea (Sowerby)” 
Rafinesquina alternata (Emmons) 


PHENOCLAST 4— 


Cryptolithus sp. 

Cryptolithus tesselatus Green (abundant) 
Encrinurus? sp. 

Homotelus sp. 

Platystrophia sp. 


PHENOCLAST 6— 


Cryptolithus tesselatus Green 


Pterygometopus sp. 
Sowerbyella “sericea (Sowerby)” (abundant) 


The brachiopods in the above list are of little value in determining the 
age of the formation, all three being long-lived forms. Sowerbyella sericea 
would indicate, however, that the conglomerate is not older than Black 
River. The gastropods are also indefinite, although Lophospira perforata 
has thus far been found only in the Trenton. 

The ostracod and trilobite genera are also long-lived. Cryptolithus 
tesselatus, however, is an indicator which allows more precise correlation. 
According to Kay,® the zone of that species is basal Sherman Fall. The 
conglomerate is, therefore, post-basal Sherman Fall. 

The stratigrahpic relations of the Lacolle conglomerate give some clue 
to its age. The youngest formation exposed to the west, underlying the 
conglomerate, is the Upper Chazy, and to the east there are shales of 
Trenton age; but a normal fault separates the shales from the conglom- 
erate. However, strata of Trenton age have been reported from a locality 
a few miles north of the quadrangle, in the neighborhood of St. Johns, 
Quebec. In the region west of the Tracy Brook fault the strata are near 
the axis of the low fold termed by Logan the “Chambly anticlinal,” which 
pitches gently to the north. Thus, the Trenton in the vicinity of St. Johns 
would overlie the Lacolle conglomerate; hence, one would expect the 


3G. M. Kay: Distribution of Ordovician altered volcanic materials and related clays, Geol. Soc. 
Am., Bull., vol. 46 (1935) p. 233. 
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Lacolle conglomerate to be covered also by the Stony Point shales to the 
east of the Tracy Brook fault. 

Ruedemann correlated the Stony Point shales with the upper part of 
the Canajoharie shale,* which he has designated elsewhere as pre- 
Cobourg.’ Because there is no intervening formation between the 
Sherman Fall and the Cobourg, the Stony Point shales must be equivalent 
to the upper part of the Sherman Fall. The underlying Lacolle con- 
glomerate must, therefore, be older than the latest Sherman Fall. Hence, 
the conglomerate is post-basal Sherman Fall and pre-late Sherman Fall. 


ORIGIN AND SIGNIFICANCE 


Inasmuch as conglomerate of the nature of the Lacolle has not been 
reported from the Trenton in other nearby areas (although it is found 
southward into New York for some miles), it obviously owed its origin 
to local conditions. From the absence of signs of attrition on many of 
the phenoclasts, it is judged that they had not been transported any 
great distance. Absence of fossils from the matrix makes it idle, at 
present, to discuss its marine or non-marine origin. The predominance 
of dolomite phenoclasts over those of any other type, even over all other 
types taken collectively, is important, for their probable source is the 
Beauharnois formation, which is exposed, only a short distance to the 
west of, and is actually in contact with, some of the main outcrops of 
conglomerate. In the most northern exposure of the Lacolle formation 
there are no dolomite phenoclasts, and it is assumed from this fact that 
erosion did not there reach the Beekmantown, not so much because the 
erosional and conglomerate-forming agencies were less effective in the 
northern than in the southern part of the area as because of a tilt given 
to the strata before the formation of the conglomerate, bringing the 
Beauharnois dolomite to the surface in the southern part. In this con- 
nection, the Chambly anticlinal may well be a fold imposed upon already 
tilted beds rather than a fold which subsequently developed a plunge 
to the north. The time of folding would be the same in either case. 
The absence of evidence in the field of contemporaneous faulting, and 
the lack of indications of the same on the areal map, seem to elimi- 
nate the possibility that this conglomerate might be of the fault-scarp 
type described by Bailey and Weir.* The Tracy Brook fault is certainly 
later in age than the Stony Point shales, and probably post-dates the 
Taconian Orogeny. 


* Rudolf Ruedemenn: Paleontologic contributions from the New York State Museum, N. Y. State 
Mus., Bull. 227-228 (1919) p. 112, 126. 

S Rudolf Ruedemann: The Utica and Lorraine formations of New York, N. Y. State Mus., 
Bull. 258 (1925) p. 51. 

*E. B. Bailey and J. Weir: Submarine faulting in Kimmeridgian times: East Sutherland, 
Soc. Edinburgh, Tr., vol. 57, pt. 2 (1932) p. 429-467. 
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It would seem, therefore, that the condition which initiated the forma- 
tion of the Lacolle conglomerate was a local tilting of the strata in Trenton 
time, after an indefinite, but small, amount of the Trenton had been 
deposited—a tilting which was pronounced in the southern part of the 
area, where the Beekmantown was brought up to the level of erosion 
and which, in the northern part, brought only the Chazy and younger 
formations up to that level. 
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FIRING MECHANISM 


Ficure 1, FirrinG MECHANISM 
Cartridges, powder charge, disks (rupture, gasket, 
hydrostatic and primer), firing pin, spring, trigger, 

and wrenches 


THE APPARATUS 


Ficure 2. THE GUN 
Showing stirrup, firing pin and trigger housing, safe- 
ty pin, water-exit port 
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INTRODUCTION 


While engaged on the determination of the radium content of the 
samples of ocean-bottom taken by the ship Carnegie on her last (1932) 
cruise, the author became aware of the desirability of core samples of 
this material rather than the usual “snapper” samples then available. 
Diagrams of a suggested apparatus were discussed with several oceano- 
graphic investigators, but no money was available for development. Early 
in 1933, A. C. Lane brought the subject to the attention of the Geological 
Society of America, and in October of that year the Council, on the rec- 
ommendation of the Committee on Projects, approved a grant for a 
project, of which this report is the conclusion. 

The requirements of an apparatus designed to operate at the end of 
a line under a mile or more of water are varied and conflicting. Deep 
soundings are difficult to make at best, and skin-friction is such that 
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a considerable weight sinks slowly, with several miles of line behind 


it, and arrives at the bottom with almost no kinetic energy. 
A line long enough, and small enough, to be stowed and handled on 


TO GROOVE 


GUN 


BIT 
ASSEMBLY 


WATER-EXIT PORT 


Ficure 1—Diagram of core sounding apparatus 
Showing principal parts drawn to same scale. 


a small ship, may be nearly as heavy as its breaking strength, so that, 
although a heavy weight is an asset on the way down, it is a liability 
on the way up. Most sounding devices abandon their weights on the 
bottom. Any satisfactory apparatus must be capable of attachment to 
existing sounding lines without special modification thereof, and it must 
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function entirely automatically on reaching the bottom. For this reason, 
it must possess within itself the energy necessary to accomplish the work 
to be done. Finally, it must be simple in design and operation and of 
rugged construction. 

Of all the sources of energy considered, that possessed by modern 
military powder seemed most likely to succeed. It is highly concentrated, 
presents no special problems of manipulation, and may be varied as to 
intensity and amount, to suit the changes of hydrostatic pressure or 
resistance of the bottom material. 

The apparatus here described is the last of several which were built 
and tested, the first being a complicated machine with seventeen explo- 
sions and 75 working parts in its firing mechanism, whereas this has one 
explosion and three working parts. It consists of five principal parts: 
A weight (which also may be regarded as a “gun”), a cartridge, firing 
mechanism, water-exit port, and a “bit.” These are shown diagram- 
matically in Figure 1, and the assembled apparatus, with a 10-foot bit, 
in Plate 1. 

WEIGHT, OR “GUN” 


The weight is made of cold rolled steel, 10 inches in diameter and 20 
inches long. At its upper end is a 1-inch drop-forged eye-bolt, to which 
is spliced a steel cable (3% inch diameter) four feet long. A self-releasing 
hook may be placed here if it is desired to leave the weight on the 
bottom. The other end of the cable is spliced to a ring of drop-forged steel, 
about three inches inside diameter. This ring constitutes the upper 
end of the apparatus, and it is at this point that the ship’s sounding cable 
is attached. 

The lower end of the gun is tapered, at 45 degrees, to within one inch 
of the muzzle, causing the gun to have a one-inch-thick wall for that 
length. One inch from the muzzle are four holes, drilled radially, through 
which a %-inch brass shear-pin may slip easily. Only one shear pin 
at a time is used, but the existence of the four available holes is a great 
convenience. The bore of the gun is the only part that must be made with 
precision. This must be reamed straight and smooth and must furnish 
a snug sliding fit for the cartridge and firing-pin-housing (clearance about 
0.0002 to 0.0005 inch). 

CARTRIDGE 


The cartridges (Pl. 2) are made of stainless steel, and are exactly two 
inches in diameter and about 434 inches long. They are made in three 
parts—a mid-section, which is the powder chamber, and top and bottom 
sections. Both ends of the mid-section have small circular ridges, which 
cut into the copper disks and assure a tight seal. The walls of the 
powder chamber are 14 inch thick, and its bottom contains a recess into 
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which a 30-30 rifle primer fits exactly. Over this is placed a copper 
disk, against which the bottom section screws tightly. In the center of 
this bottom section is a small hole, opposite the primer, through which 
the point of the firing-pin may strike the copper disk with sufficient 
force to distort it and thereby set off the primer. This primer disk, 
however, is thick enough to prevent distortion of the primer by the 
hydrostatic pressure of the water. It is also made thick enough to have 
sufficient strength to prevent the primer from being blown backward out 
of its seat at the moment of firing. Furthermore, the thickness of this 
primer disk is so adjusted, with respect to the shape of the firing-pin 
point and the strength of the firing spring, that the point will distort it 
enough to fire the primer but will not punch a hole through it. When 
functioning satisfactorily, the blunt-pointed firing-pin punches a dome- 
shaped depression in the copper disk, sufficiently deep to fire the primer, 
and then this dome has enough strength to support the primer in its 
position against the high pressure of the main explosion. 

Inside the muzzle end of the powder chamber is an annular shoulder, 
¥4 g inch wide and %& inch from the muzzle. On this shoulder rests a steel 
disk, 4g inch thick, thereby making its outer surface flush with the end 
of the powder chamber. Its function is to take the strain of the hydro- 
static pressure and thereby prevent distortion or breaking of the rupture 
disk. Between the pressure disk and the rupture disk is a thin copper 
disk, which serves as a gasket. The rupture disk is of steel and of such 
thickness and strength that it will allow the pressure within the cartridge 
to build up to the proper working pressure before it ruptures and releases 
the energy to the mechanism. 


POWDER CHARGE 


The explosive charge furnishes the energy required to do the necessary 
work. This varies with the depth and the character of the bottom. The 
charge consists of a primer, one gram of high-speed black powder, one 
gram of rifle powder, and a varying number of pellets of 155-mm. howitzer 
powder. The two grams of small powder play the double réle of pro- 
moting ignition and quickly building up a pressure, in which environ- 
ment the large-grained powder functions explosively. If this high pressure 
were not provided, the latter would not burn properly. 

The total available energy is regulated by counting into the cartridge 
a varying number of pellets of the big powder. This required energy is 
of three parts: (1) that which is necessary to overcome the hydrostatic 
pressure at a particular depth; (2) that which is necessary to overcome 
the inertia of the bit and to put it into motion; and (3) that required to 
drive the bit into the particular material encountered. Only the second 
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can be determined in advance; the other two must be provided for at 
each sounding. The possible work that can be done is a combination 
of the total available energy and an intensity factor—i.e., the pressure 
at which the explosive gases are released. The control of this “working 
pressure” is accomplished by the steel rupture disk at the mouth of the 
cartridge. Up to the time this disk is blown out, the powder is protected 
from the water. These disks are relatively thin, and, therefore, capable 
of distortion, and at a certain depth the hydrostatic pressure might con- 
ceivably be greater than the desired “working pressure”—hence, the %- 
inch loose-fitting steel “hydrostatic pressure disk,” which relieves the 
rupture disk of all strain, and enables it to be adjusted to the existing 
requirements; i.e., stiffness of the particular bottom encountered. By 
virtue of this arrangement, particularly the large-grained powder, there 
is obtained a more or less automatic adjustment of the delivered power 
to the required work. For example, if 30 pellets of big powder are put 
into a cartridge and it is sent to 1000 fathoms and encounters a stiff 
clay, the added pressure and resistance (even after the rupture disk breaks, 
but before the gun is cleared) will cause the powder to burn more rapidly, 
and all of it will be converted into gas; whereas, if the same charge 
encountered a very soft bottom at a shallow depth, only that powder 
would be consumed which had burned up to the time the muzzle was 
cleared—which would occur sooner than in the former case. The optimum 
load, therefore, is one which leaves a grain or two of partly burned powder 
in the cartridge. The ultimate condition is that which exists when the 
bit lands on solid rock and all the energy must go into moving the gun, 
which is then blown upward and thereby saves the apparatus from 
destruction. The bits have been made strong enough to meet this extreme 
condition. 
FIRING MECHANISM 


The firing mechanism is simple and rugged and can be easily removed 
for cleaning or replacement. It consists of a trigger, which is essentially 
a piece of steel, 2 inches by 1 inch by 14 inch, sliding in an appropriate 
key-way and containing a projection which catches the end of the firing- 
pin when “cocked.” A slight downward movement of the gun, on reach- 
ing the bottom, forces the trigger over and disengages the firing-pin, 
which is pushed forward by a stiff coiled spring. The firing-pin is 
streamlined at its forward end and is grooved longitudinally to facilitate 
the movement of water out of the space progressively occupied by the 
pin as it advances. This eliminates a cushioning of the blow by the 
water. The forward end of the pin contains a conical tip of appropriate 
size and shape to enter the hole in the base of the cartridge and explode 
the primer through the copper primer disk. A safety-pin of hardened 
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steel is so situated that it holds the firing-pin back, in the cocked position, 
even when the trigger is disengaged, and even if the gun should be forced 
down and shear this safety-pin off on the outside, that which remains 
would prevent an accidental discharge. As this safety-pin is put in 
place before the cartridge is attached, a premature discharge, even under 
most extreme conditions, is almost impossible. After the apparatus is 
over the side of the ship, and just before it is lowered, this pin is with- 
drawn (by means of a lanyard, if desired) and the apparatus is thus 
“armed.” Should it be necessary to return the apparatus to the deck, 
before firing, this pin can be inserted again before the apparatus is 
hoisted over the side. 
WATER-EXIT PORT 


Early designs contained ample openings in the walls of the bit-tube at 
its top, and, should the bit be forced slowly into mud, the displaced 
water would flow out through these. But because of the high velocity 
of the bit, at the time of firing, the water within it acted as a solid body 
and did not yield space for the mud to enter. The ideal condition would 
be a bit-tube completely open at both ends, which would then pass 
through the water and mud leaving them both stationary. But a per- 
fectly open top is not mechanically attainable because of the necessity 
of keeping the violent blow of the explosion accurately centered along 
the axis of the bit. Furthermore, this powerful blow must be mechanically 
carried to the walls of the bit-tube. This necessitates rugged construction 
between the center axis and the outer walls. After much experimentation 
the open-tube ideal was very closely approached, and to some extent 
even exceeded, by taking advantage of aerodynamic and wind-tunnel 
data and modifying the best curves in accord with the greater density 
of the water medium. The exit-port somewhat resembles a nozzle in 
reverse. The inner walls slope outward along an ideal curve, and the 
center projection is so shaped that the cross-sectional area (hence, vol- 
ume) available to the water, is the same at any plane normal to the 
axis. This is true up into that portion where the four steel webs carry 
the force of the blow from the center axis to the walls. Near the upper 
end of this part, the available volume increases slightly, and this fact, 
combined with the outward slope of the outside of the walls, provides 
a partial vacuum or cavitation—during the rapid movement through the 
water—which removes the back-pressure from the column of water inside 
the bit and provides an almost open-tube condition. As indicated, the 
mechanical force is transmitted from the axis to the walls of the bit by 
the four radial webs of steel. ; 

Though the bit was frequently driven deep into mud, no samples were 
obtained until this device was perfected. It is not known whether its 
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present shape and dimensions are the best possible, and some experi- 
mentation to determine this is desirable. 


THE BIT 


That portion of the apparatus below the water-exit port has been called 
the “Bit.” Its length determines the possible length of the sample; bits 
of different lengths may be used as found desirable. It consists of a 
tube of alloy steel of a composition to give great strength and resiliency. 
The tube used was specially made by a mill that manufactures steel 
tubing for airplane construction. The tube is of 214 inches inside diameter 
and of 14-inch walls. Inside it are four longitudinal lands, as in a cannon, 
but straight. The four grooves between these lands are % inch wide 
and 4% inch deep; they communicate with four openings to the outside 
at the top of the tube. Their function is to permit water to get down 
to the bottom of the bit, and to fill the cavity in the mud created by 
the withdrawal of the bit—i.e., to “break the suction.” The brass sample- 
tube, 1.975 inch outside diameter, slips inside the lands and fits snugly 
against them; this causes the grooves to form longitudinal channels from 
the top to the bottom of the bit. 

The bottom edge of the bit is provided with a cutting edge of hardened 
tool steel, which fits loosely between the sample tube and the steel tube, 
and is prevented from falling off by two small screws. However, it 
has a play of %¢» inch—i.e., may hang that far below the end of the 
steel tube, but when pressed up it fits snugly against the end of this tube. 
It therefore acts as a valve, which prevents mud from entering the grooves 
while the bit is being driven into the bottom, but opens and permits water 
to flow out of the grooves while the bit is being withdrawn from the mud. 
It also prevents the sample tube from sliding out of the bit. 


SAMPLES 


The brass sample-tubes, made especially for this work, have an out- 
side diameter 0.025 inch less than 2 inches, which is the inside diameter 
between the lands. This assures a sliding fit, and enables sample-tubes 
to be put in and out of the bit with ease. These brass sample-tubes 
must be exactly the length between the bearing shoulders on the cutting 
edge at the bottom and the water port at the top, for any play in this 
tube is disastrous at the moment of firing. After a “shot,” the brass 
sample-tube is withdrawn, with the mud core inside it, and a new one 
is inserted. It is cut off at the top of the mud, corked at both ends, and 
these corks securely taped with electrician’s tape. They are labeled, in 
a manner to indicate the top and the bottom of the core, and may then 
be shipped and kept without alteration until opened for examination in 
the laboratory. 
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The procedure followed has been to pass the tubes under two milling 
cutters, set about 14 inch apart, so as to take out a longitudinal strip 
from the side of the tube. By directing a blast of air at the point of 
cutting, the brass chips are blown away. Also, the milling cutters may 
be so adjusted as to cut not quite through the wall of the tube. The 
strip can then be ripped out. The tubes may be laid aside to permit the 
sample to dry out through the longitudinal opening. This drying may 
be allowed to go so far that the sample shrinks away from the walls 
and becomes quite hard, when it may be slipped out of the tube and its 
many sections preserved in their proper sequence. However, there are 
some advantages to another procedure. When the sample has dried con- 
siderably, but before it becomes loose in the tube, the sample and tube 
are split in half, longitudinally, with a metal-cutting band-saw. If the 
tube is held with the open segment up, the band-saw cuts only the one 
wall of the tube, and throws the brass chips outward. This produces two 
equal parts to each sample, each part lying in its own brass trough, and 
reveals the structure of the core. When the core has dried hard, this 
structure can be further brought out by polishing the flat face with sand- 
paper folded over a flat bit of wood. This procedure provides an undis- 
turbed half for control or future reference; the other is used for investi- 
gation. Furthermore, the undisturbed half provides a depth scale, from 
the surface downward, which is of considerable value. It has been found 
convenient to split the half to be examined, either in half again or into 
quarters. This is done with each fragment individually, using a thin- 
bladed hack-saw or its equivalent. The fragments may always be re- 
turned to their proper place in the brass trough. 


SOUNDING PROCEDURE 


The procedure on shipboard was to fasten securely to the deck, at a 
convenient place, a strong board, 14 feet long by 1 foot wide and 2 inches 
thick. This was made straight and flat by suitable wedges, and to it 
were fastened, at one end, prepared chocks to hold the gun, and also 
several chocks to hold the bit. These are so made that, when the assem- 
bled apparatus is laid in them, the bit and cartridge are lined up with 
the center of the bore of the gun, and this can be “loaded” by sliding 
the bit through the chocks. If such guides are not provided, the small 
clearance between the gun barrel and the cartridge assembly makes it 
exceedingly difficult to push the latter into the gun. 

The apparatus is assembled in the chocks, the firing mechanism cocked, 
and the safety-pin inserted. A cartridge is loaded in accord with the 
anticipated need. If it is the first sounding in a new locality, it is advis- 
able to provide rather less than the anticipated required energy. Sub- 
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sequent loads may be increased as circumstances warrant. When all is 
ready, the cartridge is fastened in place and the gun “loaded,” by sliding 
the bit toward the gun in the chocks, and the shear-pin is put in place. 
The apparatus is then hoisted over the side from a sheave, 12 or 14 
feet above the deck. A man picks up the bit at the cutting edge, and, 
as soon as the gun clears the rail, he drops his end over the side into 
the water. The apparatus is immediately lowered until only the gun is 
out of the water: this prevents swinging against the ship’s side. Finally, 
the safety-pin is pulled out (by means of a lanyard), and the apparatus 
is lowered to the bottom. With shallow soundings the explosion can be 
heard and felt on the ship, and with deeper ones it can also be picked 
up by a microphone or the ship’s sonic sounder. Where these failed to 
give any indication, the cable was paid out until more than the antici- 
pated depth was out, and then the apparatus was hauled to the surface 
again. If it has fired, the gun and bit will be hanging separately at 
the end of their respective cables, the latter supported in the stirrup. If 
they are not so separated, and it is desired to bring the apparatus aboard, 
the safety-pin must be inserted at the earliest possible moment while the 
apparatus is hanging clear of the ship. Once this pin is in place the 
apparatus may be brought aboard with complete safety. 

If the apparatus has fired, the gun is hoisted up until the bit can be 
gotten over the side; it is laid in its proper chocks, and the gun then 
lowered to its chocks. These chocks, when provided with suitable lash- 
ings, constitute a satisfactory place to lash the apparatus when not in 
use. The sample-tube may be removed by unscrewing the bit from the 
water-port, or by removing the cutting edge, and sliding it out. The 
bit should be flushed clean of any mud, and perhaps swabbed with the 
cleaning rod, before a new sample-tube is inserted. When not to be 
used for some time, the firing-pin and spring should be removed, washed 
with fresh water, and oiled. The cartridges should also be washed with 
fresh water and thoroughly dried. The inside of the gun must be kept 
clean and free from rust by flushing and heavy grease. 

Of the sixteen soundings made at sea in August 1935, the apparatus 
failed to fire only once, and this was found to be due to a badly fitting 
primer. Once, the core apparently pulled out again. The 14 cores 
obtained varied in length from four feet to 8 feet 8 inches, and proved 
to be solid throughout their length. The depths of these soundings, as 
given by the sonic sounder (uncorrected), varied from 200 fathoms to 
1250 fathoms (7500 feet). Although the depths attained at these sound- 
ings are far short of the great deeps, it seems reasonable to assume that 
the apparatus will function at any depth to be found anywhere in the 
ocean. There is no tendency for the cartridges to leak, and the 15,000 
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pounds per square inch, which is the maximum hydrostatic pressure to 
be encountered, can be easily overcome, leaving ample margin for oper- 
ating the bit. 

Some anxiety was felt lest the water in the top of the gun-barrel 
cushion or actually prevent the movement of the gun down over the 
trigger. Space must be provided beyond the end of the cartridge for 
this movement, and the fit between cartridge and gun-barrel must be 
sufficiently easy to permit water to seep past the firing-pin housing and 
the cartridge and into this space. If this could not happen, the bit 
assembly would be forced up into the gun by the hydrostatic pressure 
and thereby fire the charge prematurely. 

As a depth of 100 fathoms provides enough pressure to lift the bit, 
and as the apparatus fired beyond this depth, obviously, the cavity above 
the bit was filling with water—and at the 1000-fathom depth must have 
been completely full. The question arose: Would this water seep out 
again (by virtue of the weight of the gun) before the apparatus tipped 
over—and thereby prevent its firing? Apparently, the apparatus re- 
mained upright long enough for the water to be forced out of the gun- 
barrel and for the gun to move down over the trigger and fire it. This 
point is stressed, because any fit between cartridge and gun that could 
resist 15,000 pounds per square inch would be exceedingly difficult to 
design, and because no rugged, simple trigger mechanism eliminating a 
relative motion between gun and bit has been devised. Therefore, it 
seems reasonable to expect the apparatus to fire at any depth. 
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INTRODUCTION 


GENERAL SETTING 


Determination of the age of the metamorphosed sedimentary rocks 
in the southeastern portion of the Appalachian Mountains is difficult. 
Most of the fossiliferous Paleozoic strata of the northwestern, folded, 
Appalachians are separated from the zone of metamorphosed sediments 
either by fault blocks of Triassic sediments or by a barrier of pre-Cam- 
brian gneisses. However, the individual lithologic units within the meta- 
morphic zone maintain astonishing petrographic uniformity throughout 
long distances, so that correlations, possible at any one point, may have 
a bearing on the age of, even distant, large areas of metamorphic rocks. 

In eastern Dutchess County, New York, about 70 miles north of New 
York city (Fig. 1), neither Triassic fault blocks nor pre-Cambrian 
gneisses present obstacles, and Cambro-Ordovician formations can be 
traced eastward, well beyond the westernmost zone of pre-Cambrian 
gneisses. This is looked upon as a key area, and, in surveying it, Balk 
has examined into the possible existence of far-travelled thrust sheets, 
such as are characteristic of the Appalachian Mountains; the character 
and origin of the metamorphism of the sediments have been investigated 
by Barth. The results of the survey have a bearing upon the correct age 
determination of the Lowerre quartzite-Inwood marble-Manhattan schist 
series that underlies New York city and a large part of Westchester 
County, New York. The entire area from Dutchess County to New 
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York city has not yet been completely surveyed, but the writers are not 
aware that any fundamental break exists between the two areas. 

The principal results of the studies are as follows: No evidence of long- 
distance movements along low-angle thrusts has been found, although 


numerous thrust faults dip east 
at angles between 35° and 80°; 
the Cambro-Ordovician  se- 
quence, which flanks the gneiss 
barriers of the Hudson High- 
lands on the northwest, in- 
creases in metamorphic grade 
toward the east, the metamor- 
phic effects being caused, di- 
rectly or indirectly, by intru- 
sive rocks; across this zone of 
gradation, the Poughquag- 
Wappinger-Hudson River pe- 
lite (Cambro-Ordovician) se- 
quence is identified, in identical 
stratigraphic order, with the 
Lowerre - Inwood - Manhattan 
series, which must, therefore, 
be Cambro-Ordovician and not 
pre-Cambrian. 

Nearly a hundred years ago, 
essentially the same interpreta- 
tion was given by W. W. 
Mather, and for many years 
was the one adopted by most 
geologists who did extensive 
areal work in this region. If an 
alternative hypothesis—that the 
metamorphosed sediments are 
pre-Cambrian—has been cur- 
rent in recent years, it is chiefly 
because most of the work in 
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Ficure 1—Index map 


Showing location of Plate 1. Area mapped by 
Agar is indicated. 


southeastern New York has been done near New York city or along the 
Hudson Valley, where sedimentary rocks are either fossiliferous and 
wholly unmetamorphosed, or are appreciably metamorphosed, and even 
injected lit-par-lit. Nowhere along the Hudson is there a gradation be- 
tween the two extremes, as there is in the area here discussed; in fact, near 
Peekskill, the metamorphic and injected Manhattan schist is exactly one 
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mile from a low-rank phyllite, regarded as of Ordovician age. Field 
evidence gathered during the course of construction of the Catskill aque- 
duct, and the absence of evidence from the area treated in this paper, 
which has never before been described in detail, led to the assumption that 
the series was pre-Cambrian. The writers maintain that the series is 
Cambro-Ordovician, and introduce structural and petrologic evidence in 
support of their contenion. 
SCOPE OF WORK 

The present paper is the result of field work carried on intermittently 
over a period of nine years. About 310 days have been spent in the field. 
The Clove and Carmel quadrangles, New York, have been mapped, and 
adjoining parts of the Millbrook, Poughkeepsie, and West Point quad- 
rangles, New York, and of Cornwall, New Milford, and Danbury quad- 
‘rangles, Connecticut, have also been examined. The structural geology 
of the sedimentary series will here be presented in detail; a description of 
‘ the pre-Cambrian gneisses is reserved for future publication. 

As early as 1930, the field relations and a preliminary petrographic 
study of the rocks compelled the writer to regard the metamorphosed 
sedimentary rocks as Paleozoic, and, after the most critical area had 
been completely mapped, a short summary of conclusions was published. 
Subsequently, a division of labor became desirable. The metamorphism 
of the sedimentary series required careful petrologic study, and this part 
of the investigation was turned over to Tom. F. W. Barth, of the Geo- 
physical Laboratory, whose long experience with problems of metamor- 
phism in the Caledonian Mountains, as collaborator of Victor M. Gold- 
schmidt, made him a singularly welcome and impartial co-worker. The 
writer has discussed local problems in the field with Barth, who has 
studied the entire collection of specimens and thin sections. Accordingly, 
the description of the area is divided into two independent, but mutually 
complementary, parts. The first part (by Balk) deals with the struc- 
tural geology. It is hoped that the numerous observations presented 
will convince even a skeptic that east of the Hudson Valley a Paleozoic 
sequence passes without significant break into metamorphic rocks, in- 
distinguishable petrographically from the Lowerre-Inwood-Manhattan 
series in New York city. The second part (by Barth) is devoted to the 
petrology, especially the metamorphism of the sedimentary rocks, and to 
a rigorous application of the principle of mineral facies and of the phase 
rule to the mineralogic and petrographic changes that one member (the 
Hudson River series) has undergone in the critical zone. A general dis- 
cussion of the classification of metamorphosed and injected rocks is 
appended. 


1R. Balk: Structure and correlation of metamorphic rocks in southeastern New York, Nat. Acad. 
Sci., Pr., vol. 18 (1932) p. 616-630. 
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Ficure 1. SMALL-SCALE FOLDING AND CRUDE FRACTURE CLEAVAGE 
Looking north, one mile northeast of Verbank Village. 


Ficure 2. CHERTY BEDS 
Showing small folds, overturned to the west (left), and fracture cleavage dipping 60° E. Clove quad- 
rangle, 144 miles north of Clove Mountain. 
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STRUCTURAL FEATURES NORTH OF THE HUDSON HIGHLANDS 
GENERAL DESCRIPTION 


The Highlands of the Hudson, a mass of pre-Cambrian gneisses and 
injected crystalline schists, are overlain unconformably, on the north- 
west side, by fossiliferous Cambrian and Ordovician strata (Pl. 1). The 
gneisses and crystalline schists were investigated in detail by Berkey 
and Rice.? The fossiliferous Paleozoic sediments were correlated and 
classified long ago by W. W. Mather® and W. B. Dwight.* In more 
recent years, the stratigraphic relations have been re-examined and sum- 
marized by C. E. Gordon * and E. B. Knopf.* The lithologic units, recog- 
nized to be Cambro-Ordovician in the vicinity of Poughkeepsie, Pleasant 
Valley, and Stissing, New York, were traced farther east and southeast 
by J. D. Dana’ and F. J. H. Merrill. Dana and Merrill regarded the 


2C. P. Berkey and M. Rice: Geology of the West Point quadrangle, New York, N. Y. State Mus., 
Bull. 225-226 (1921) 152 pages. 

C. P. Berkey: Structural and stratigraphic features of the basal gneisses of the Highlands, N. Y. 
State Mus., Bull. 107 (1907) p. 361-378. 

8 W. W. Mather: Geology of New York. Part 1, comprising the geology of the first geological dis- 
trict (1843) 653 pages. Albany. 

4W. B. Dwight: On some recent explorations in the Wappinger Valley limestone of Dutchess 
County, N. Y., Am. Jour. Sci., 3rd ser., vol. 17 (1879) p. 389-392; vol. 19 (1880) p. 50-54, 451-453; vol. 
27 (1884) p. 249-259; vol. 31 (1886) p. 125-133; vol. 34 (1887) p. 27-32; vol. 38 (1889) p. 139-153; 
The results of some recent paleontological investigations in the vicinity of Poughkeepsie (N. Y.), 
Poughkeepsie Soc. Nat. Sci., Pr. 1879-1880 (1880) p. 15-20; Further discoveries of fossils in the Wap- 
pinger Valley or Barnegat limestone, Am. Jour. Sci., 3rd ser., vol. 21 (1881) p. 78-79; Recent investi- 
gations and paleontological discoveries in the Wappinger limest of Dutchess and neighboring coun- 
om, New York State, Am. Assoc. Adv. Sci., Pr., vol. 31 (1883) p. 384-387; Report of progress in 

tigation in the vicinity of Poughkeepsie, Vassar Bros. Inst., Tr., vol. 2 (1884) p. 141- 

152; ‘Discovery of fossiliferous Potsdam strata at Poughkeepsie, N. Y., Am. Assoc. Adv. Sci., Pr., 
vol. 34 (1886) p. 204-209; Fossils of the western Taconic limestone in the eastern part of Dutchess Co., 
N. Y., Am. Jour. Sci., 3rd ser., vol. 39 (1890) p. 71; Discovery of a locality of Trenton limestone rich 
in ostracoid entomostraca and other fossils, at Pleasant Valley, N. Y., Vassar Bros. Inst., Tr., vol. 5 
(1890) p. 75-77; Discovery of fossiliferous strata of the middle Cambrian, at Stissing, N. Y., Vassar 
Bros. Inst., Tr., vol. 5 (1890) p. 102-109; Fort Cassin beds in the calciferous limestone of Dutchess 
County, N. Y., Geol. Soc. Am., Bull., vol. 12 (1901) p. 490-491. 

5C. E. Gordon: Geology of the Poughkeepsie quadrangle, N. Y., N. Y. State Mus., Bull. 148 
(1911) 121 pages. 

°E. B. Knopf: Some results of recent work in the southern Taconic area, Am. Jour. Sci., 5th ser., 
vol. 14 (1927) p. 429-458. 

7™J. D. Dana: On the Hudson River age of the Taconic schists, and on the dependent relations of 
the Dutchess County and western C ticut limestone belts, Am. Jour. Sci., 3rd ser., vol. 17 (1879) 
p. 375-388; vol. 18 (1879) p. 61-64; On the geologic relations of the limestone belts of Westchester 
Co., N. Y., Am. Jour. Sci., 3rd ser., vol. 20 (1880) p. 21-32, 194-220, 359-375, 450-456; vol. 21 (1881) 
p. 425-443; vol. 22 (1881) p. 103-119, 313-315, 327-335; Fossils in the Taconic limestone belt at the 
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sedimentary rocks in southeastern New York as true equivalents of the 
Cambro-Ordovician sequence, notwithstanding the fact that they are 
highly metamorphosed. Both Dana and Merrill were familiar with the 
region north of the Hudson Highlands, where the gradation from non- 
metamorphosed to increasingly metamorphosed sediments is exposed. 
However, neither they nor any other geologist has hitherto described this 
critical area in detail. Only the limonite mines near Pawling, Dover 
Furnace, and farther north have been described,® together with recon- 
naissance trips through the region, made by E. B. Knopf,” C. R. Fettke,™ 
and T. N. Dale.” 

Beyond Peekskill and Beacon, gneisses of the Hudson Highlands 
project northeastward in two spurs (Pl. 1). The more northwesterly 
one, which ends at the village of Poughquag (Clove quadrangle) will be 
referred to as Poughquag spur. The other one, which ends at Wanzer 
Hill (New Milford quadrangle), will be termed the Wanzer Hill spur. 
Between them, the northern border of the Highlands forms an irregular 
embayment, delineated by faults. Seven miles northeast of the Pough- 
quag spur, stand the gneisses of the Housatonic Highlands. 

Between the Housatonic and the Hudson Highland gneiss blocks, sedi- 
mentary rocks extend uninterruptedly from west to east. For the prob- 
lem of the age and structure, and also for the interpretation of the meta- 
morphism of the sedimentary series in southeastern New York, this “gap” 
in the gneiss front is of utmost importance, for, here only, the Cambro- 
Ordovician strata, which carry fossils northwest of the Highlands, can be 
followed eastward, between the two gneiss masses. In the same zone, the 
sedimentary rocks, by the successive development of crystalloblasts of 
biotite, garnet, kyanite, sillimanite, and plagioclase, show all stages of 


®L. C. Beck: Report on the mineralogical and chemical department of the survey, N. Y. Geol. 
Surv., Ann. Rept., vol. 3 (1837) p. 36. 
W. W. Mather: op. cit., p. 492. 
E. C. Eckel: Limonite deposits of eastern New York and western New England, U. 8. Geol. Surv., 
Bull. 260 (1905) p. 335-342. 
D. H. Newland: Mineralogy and origin of the Taconic limonites, Econ. Geol., vol. 31 (1936) 
p. 133-155. 
10 FE. B. Knopf: op. cit. 
1C. R. Fettke: The Manhattan schist of southeastern New York State and its associated igneous 
rocks, N. Y. Acad. Sci., Ann., vol. 23 (1914) p. 193-260. 
1%2T. N. Dale: The lime belt of Massachusetts and parts of eastern New York and western Con- 
necticut, U. 8. Geol. Surv., Bull. 744 (1923) p. 19-23. 


west foot of the Taconic range in Hillsdale, N. Y., Am. Jour. Sci., 3rd ser., vol. 40 (1890) p. 256-257; 
Quartzite of Poughquag, Dutchess Co., N. Y., Am. Jour. Sci., 3rd ser., vol. 3 (1872) p. 250-256. 

8F, J. H. Merrill: On the metamorphic strata of southeastern New York, Am. Jour. Sci., 3rd ser., 
vol. 39 (1890) p. 383-392; The geology of the crystalline rocks of southeastern New York, N. Y. State 
Mus., Ann. Rept., vol. 50, pt. 1 (1898) p. 21-31; New York City folio, no. 88, U. 8. Geol. Surv. 
(1902) p. 3-5; Description of the State geologic map of 1901, N. Y. State Mus., Bull. 56 (1902) p. 
3-37; Twentieth, 21st and 22nd reports of the State Geologist, N. Y. State Mus., Ann. Repts., vols. 
54, 55, 56 (1902, 1903, 1904). Contain also brief notes. 
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Ficure 1. Hupson RIVER PHYLLITE 
With isoclinally folded and cross-cutting quartz veins, one mile east of Arthursburg. 


Ficure 2. Hupson RIver sLaTE 
Showing puckered folds and incipient shearing along fracture cleavage planes. Looking north, 14 
miles west of Hunns Lake, Millbrook quadrangle. 
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, PL. & 
Clove quadrangle, looking north, 
photo by E. Cloos. 


Showing dissection of folded layers of 
stratification by recrystallized shear 
50 feet east of lodge of Bald Mountain 
Hunting Club, on north-south road, one 
mile west of Sharparoon Pond. Figure 2, 
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progressive metamorphism. The village of Wingdale (“Wing’s Station” 
on Clove quadrangle) is near the center of this area, which is here called 
the “gap of Wingdale.” 

In the course of his study of the Manhattan schist, Fettke visited the 
gap. He describes correctly the increasing metamorphism between 
Arthursburg (northwest of the Poughquag spur in the Poughkeepsie quad- 
rangle) and the eastern (Wanzer Hill) spur near Haviland Hollow (Car- 
mel quadrangle).1* He observed pegmatites and granitic dikes in the 
Hudson River pelite, and ascribed the metamorphism to them.’* Despite 
these correct observations, and although the identity of the principal lith- 
ologic units has never been seriously questioned, their geologic age was 
left in doubt. His concluding statement was as follows: 

“The fact that the phyllite and schist occur so close together in the vicinity of 
Peekskill, which has been cited as strong evidence in favor of the later origin of 
the former, is not as strong an argument as one might at first think when we consider 
that this change does take place within a not very much greater distance north of 
the Highlands and also that the intrusion of the Cortland series must have had con- 
siderable effect in obliterating transition phases if they did occur. As has already 
a there are still evidences present of what appear to be such transition 

The stratigraphic succession of fossiliferous formations northwest of 
the gneiss blocks was clarified long ago. Above the Lower Cambrian 
Poughquag quartzite is the Wappinger limestone-dolomite series, which, 
in its turn, is overlain by the Hudson River pelite. The lower part of 
the carbonate rocks, and conceivably a part of the pelite, are of Cambrian 
age, but the bulk of the pelite, and the higher limestone horizons, are re- 
garded as of Ordovician age.’® 


STRATIGRAPHIC OBSERVATIONS 


A reliable and accurate subdivision of the sedimentary series throughout the 
entire area, based on both stratigraphic and lithologic correlation, would, of course, 
solve the problem of correlation more satisfactorily than any other method, but, 
beyond correlating three lithologically characteristic series on both sides of the 
gneiss barrier, little progress seems possible at present. 

Little more can be said about the Poughquag quartzite than that the lowermost 
2 to 15 feet are locally conglomeratic. Above this conglomeratic zone, the strata 
are well recrystallized, forming hard layers of pure quartzite, or alternating with 
schistose, sericite-rich beds. Near the Poughquag and the Housatonic Highland 
spurs, the layers have been isoclinally folded; no estimates of the original thickness 
are possible, nor can one discover any particular stratigraphic horizon to which the 
sericitic layers are limited. 


13C. R. Fettke: op. cit., p. 248-252. 

14 Op. cit., p. 253. 

18 Op. cit., p. 257. 

16 FE. B. Knopf: op. cit., p. 435. 

W. Goldring: Handbook of paleontology for beginners and amateurs; Part 2, The formations, N. Y. 
State Mus., Handb. 10 (1931) p. 233, 243-244, 254, 268, 279, 286, 288. ‘ 
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Although faunas ranging from the Middle Cambrian to the early Trenton have 
been found in the dolomitic limestone, it has been impossible to map the several 
subdivisions in the field. The exposures are far apart; fossils are scarce; and the 
beds, although of various ages, are lithologically so similar that rocks in scattered 
outcrops cannot be identified with definite horizons. Moreover, the thickness of 
recognized subdivisions varies, and the distribution of established fossil zones is so 
irregular that adjacent sections appear to vary considerably in thickness and suc- 
cession. E. B. Knopf assumes that there are disconformities within the series.” 

The writers have not succeeded in working out a reliable stratigraphic succession 
for the metamorphosed phases of the limestone. Petrographically, the rocks are so 
uniform, the outcrops show so little depth, and the folding is so intense that beds 
in adjacent outcrops have not been correlated on a stratigraphic basis. Moreover, 
the plastic deformation of the rock has given rise to secondary unconformities 
(p. 721) and pseudo-conformities (p. 734), so that this otherwise valuable principle 
of differentiation is of little avail in the metamorphosed terranes. T. N. Dale” 
has distinguished between dolomitic and “high calcium” members of the marble 
series, but his findings are not of true stratigraphic significance; at best, a strati- 
graphically lower “higher magnesium” series can be separated from a stratigraphically 
higher “high calcium” series. It is doubtful whether even this distinction will be 
upheld by detailed chemical investigation. 

Attempts to subdivide the pelite series were also unsuccessful. Although the 
Hudson River series is replete with lithologically unique, easily recognizable rock 
types, they generally prove to be lenses, of limited dimensions, and insufficient 
to serve as a reliable basis for stratigraphic correlation. Locally, as in the 
eastern part of the Poughkeepsie quadrangle, red and olive-green phases of the 
slate are interbedded with the normal black or gray varieties. In the vicinity of 
Verbank are many coarse conglomeratic lenses, interbedded with the fine-grained 
slate; farther north, in the Millbrook quadrangle, there are fewer, but larger, 
quartzitic lenses, not yet proved to belong in the same stratigraphic horizon. In the 
Clove quadrangle, one stratigraphic feature has proved to be of use locally: Where 
the pelite approaches the marble boundary, it develops a coal-black (locally deep- 
brown) phase. This was first observed along the western border of Harlem Val- 
ley, northwest of Pawling, was verified farther north and south along the escarp- 
ment, and led later to the discovery of the narrow marble anticline that extends 
north from a point just east of Dennis Hill. The phyllite that overlies limestone 
at the east side of Clove Valley (p. 727) and the schist that overlies the marble 
south of Schaghticoke Mountain (p. 719) are also black. In places, the zone is 
about 100 feet thick—but this figure is not thought to have any direct relation to 
the original depositional thickness—and is overlain by lighter-colored, grayish phases, 
richer in sericite. 

In the Chestnut Ridge (Clove quadrangle), and as far south as Little Pond, there 
are greenish-gray, staurolite-bearing phases in higher portions of the pelite. 

Lenses of graywacke and “grit” have a counterpart in characteristic lenses of a 
hornblende-almandite-quartzite; siliceous zones, built up of hundreds of thin cherty 
layers, can be recognized as far east as the west border of Harlem Valley. Although 
the writers feel justified in correlating the various metamorphosed phases with 
unmetamorphosed rocks, the fact that the interpositions are lenses renders futile 
all attempts to identify individual key horizons throughout the pelite region. Not 


17E. B. Knopf: op. cit., p. 439-441. 
1%8T. N. Dale: op. cit., plate 4. 
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Ficure 1. IN MARBLE 
Overturned to the west (left). Abandoned quarry, 1}4 miles southeast of Dover Plains. 


Ficure 2. EASTWARD-DIPPING, SHEARED, AND RECRYSTALLIZED MARBLE 
Western border of the Housatonic gneiss block is 400 feet to the right. Looking north, 1% miles 
southeast of Dover Plains. 
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Figure 1. MARBLE 
Note minute offsets of limbs by recrystallized shear planes on left, shady side (north) of exposure. 
2 miles south-southeast of Wassaic. 


Ficure 2. THrust CONTACT 
Between Cambrian Poughquag quartzite (below foot rule) and pre-Cambrian granite gneiss. Looking 
east-northeast, hill 740, Two-thirds of a mile northeast of Towners. 
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even the basal beds of black pelite can be regarded as reliable; they may be a 
purely local development, not of the same age at all localities, and some of them 
have been isoclinally folded, which further adds to the difficulty of correlation. 

An apparently constant stratigraphic horizon contains the several limonite lenses 
of this area. From Millerton southward beyond Pawling, they are found at 
the boundary of marble and schist. The best exposures of the boundary zone are 
in the old pit at Amenia. Here, the ore is at the top of a local anticline in the 
limestone; the schist slopes off on the east side, and crops out some distance away 
on the west. The geology of these interesting iron ores, however, was not studied 
in detail. 

Southeast of the gneisses that constitute the Hudson Highlands, the 
same tripartite sequence of metamorphosed strata crops out. That its 
members are younger than the “basal” gneisses has never been ques- 
tioned. But whether there is compelling evidence that they are the 
equivalents of the Cambro-Ordovician succession has been questioned 
by C. P. Berkey.*® The Paleozoic rocks were originally deposited south- 
eastward beyond the Hudson Highlands proper, for a downfaulted block 
of slightly anamorphosed rocks, carrying the Hudson River series in the 
phyllite phase, crops out northwest of Peekskill. Even though the rocks 
have not yielded fossils, they were classed as Paleozoic by Berkey and 
Rice.” The series consists of a quartzite, a finely crystalline limestone, 
and the phyllite. The geologic position of this fault block resembles that 
of the Peach Bottom and Arvonia synclines in Pennsylvania and Virginia, 
respectively, the rocks of which are now regarded as also of Paleozoic 
age. Southeastward beyond the Peekskill fault block, and separated 
from it on all sides by additional tracts of pre-Cambrian gneisses, is the 
highly metamorphic sequence of Lowerre quartzite, Inwood marble, and 
Manhattan schist, which has been studied in great detail in the vicinity 
of New York city.22, When the Catskill aqueduct was constructed, the 
geology along the valley of the Hudson was carefully examined by C. P. 
Berkey. The reports issued in conjunction with this great engineering 
work had to consider the point of view of the engineers. As there were 
no compelling geological reasons against it, and as the quartzite-marble- 
schist ** series, because of its crystallinity, equals the pre-Cambrian 


19°C, P. Berkey: Structural and stratigraphic features of the basal gneisses of the Highlands, N. Y. 
State Mus., Bull. 107 (1907) p. 361-378. 
C. P. Berkey and M. Rice: Geology of the West Point quadrangle, New York, N. Y. State Mus., 
Bull. 225-226 (1921) p. 129-139. 
2C,. P. Berkey and M. Rice: op. cit.. p. 62-64. 
21 8B. L. Miller: Age of the schists of the South Valley Hills, Pennsylvania, Geol. Soc. Am., Bull., 
vol. 46 (1985) p. 750, footnote 65. 
N. H. Darton: Fossils in the “Archaean”’ rocks of central Piedmont Virginia, Am. Jour. Sci., 3rd 
ser., vol. 44 (1892) p. 50-52. 
2F, J, H. Merrill, N. H. Darton, Arthur Hollick, R. D. Salisbury, R. E. Dodge, Bailey Willis, 
and H. A. Pressey: New York City folio, no. 88, U. 8. Geol. Surv. (1902) 19 pages, maps. 
2 The schist in the most highly metamorphosed phases is really a gneiss, as is emphasized in 
Barth’s paper. 
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gneisses in resistance to tunneling and excavation, this similarity was 
brought out by tentatively assigning the rocks to the pre-Cambrian. 
No two of the three series of sedimentary rocks—one, fossiliferous; the 
second, slightly anamorphosed; the third, highly metamorphic—are in 
contact along the line traversed by the aqueduct, and, although several 
arguments were given favoring the pre-Cambrian age of the metamorphic 
series, it was “realized that the problem can not be solved in this quad- 
rangle but that it probably can be solved by a careful roundabout study 
of adjacent territory carried through for this particular purpose.” ** 
This is a very fair statement of the problem, with which every worker 
who is familiar with the highly metamorphic and injected sediments 
in Westchester County or New York city, but not acquainted with the 
geology farther north, will agree. Prior to the present study, the writer, 
too, shared this view.**> It seems in order, therefore, to analyze the prob- 
lem in the light of new field work in the area north of the Highlands, 
where the correlation can be worked out more satisfactorily than along 
the Hudson. 

There is at present no information as to how far southward is the 
extension of those great thrust sheets that have been described in the 
vicinity of Troy,?* and Schuylerville, New York,?’ and the Taconic Range 
of western Massachusetts, including the Rensselaer (New York) grit 
plateau.”* The evidence now at hand suggests either that they die out 
before they reach Dutchess County, or else that they are deflected to 
the southwest or southeast, so that they cannot be observed in the area 
under discussion. A similar view was expressed in 1899, by T. N. Dale, 
in regard to thrusts in the slate belt of eastern New York.”® 

FAULT BLOCKS NORTH AND NORTHEAST OF THE HIGHLANDS 

In the vicinity of the gap of Wingdale, the pre-Cambrian gneisses have 
been profoundly faulted. At least five separate fault blocks have been 
pushed up into the overlying sedimentary rocks (p. 761). They are: 


(1) The Fishkill block (Poughkeepsie quadrangle), 5 miles long (NE-SW), a 
third of a mile wide.” This block has not been studied in detail by the writers. 


2C, P. Berkey and M. Rice: op. cit., p. 130. 

25 R. Balk: Die primdre Struktur des Noritmassivs von Peekskill, etc., N. Jahrb. f. Mineral., Beil.- 
Bd., Abt. A, vol. 57 (1927) p. 253-255. For this reason, he regarded the age of the Peekskill norite 
as uncertain (p. 255), and not as Paleozoic as had been claimed by Kemp. 

2°R. Ruedemann: Geology of the capital district (Albany, Cohoes, Troy, and Schenectady quad- 
rangles), N. Y. State Mus., Bull. 285 (1930) p. 130-148. 

27H. P. Cushing and R. Ruedemann: Geology of Saratoga Springs and vicinity, N. Y. State Mus., 
Bull. 169 (1914) p. 109-115. 

%L. M. Prindle and E. B. Knopf: Geology of the Taconic quadrangle, Am. Jour. Sci., 5th ser., vol. 
24 (1932) p. 293-298. 

2T. N. Dale: The slate belt of eastern New York and western Vermont, U. 8S. Geol. Surv., 19th 
Ann. Rept., pt. 3 (1899) p. 293. 

2 C. E. Gordon: Geology of the Poughkeepsie quadrangle, N. Y., N. Y. State Mus., Bull. 148 
(1911) p. 25-27. 
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(2) The Lagrangeville block (Poughkeepsie quadrangle), 1% miles long (NE-SW), 
a third of a mile wide in places. This is hill 540, a little over a mile northwest 
of Lagrangeville. The faintly foliated, reddish granite is locally epidotized, and on 
the east underlies the Hudson River slate, the contact apparently dipping steeply 
east. 

(3) Stissing Mountain (Millbrook 
quadrangle), 3% miles long (N-S), a 
mile wide (Fig. 38). The northeastern 
end of the block is exposed in a low 
ledge (hill 480, a quarter of a mile north- 
west of Pine Plains), somewhat offset 
from the main mass. 

(4) Corbin Hill (Clove quadrangle), 2 
miles long (N-S), a quarter of a mile 
wide™ (Pl. 21, sect. 5; fig. 29). 

(5) The Patterson block (Clove-Car- 
mel quadrangles), 600 feet long (N-S) 
and 300 feet wide, at hill 460, a mile 
southeast of Patterson, at the south bor- 
der of the quadrangle (PI. 21, sect. 10). 
The hill, which is completely surrounded 
by a large swamp, is accessible only from 
the east. 


UNCONFORMITY AT BASE OF CAMBRIAN 


General statement.— The crys- 
talline rocks of the Hudson and the Ficure 2—Angular unconformity 
Housatonic Highlands, as. well Between steeply dipping foliation planes in pre- 


as those of Stissing Mountain, Cambrian granite gneiss, and nearly horizontal 
lower Cambrian Poughquag quartzite, southwest 


are overlain unconformably by of atten Mountain, east of Poughquag. 

the Lower Cambrian Poughquag 

quartzite. As these three fault blocks enclose a triangular area, all the 
sedimentary rocks above the quartzite, however metamorphosed or dis- 
turbed, are also separated by the unconformity at the base of the quartz- 
ite from the pre-Cambrian gneisses. The unconformity is visible at 
several localities, not heretofore described. 


Poughquag spur—(1) About a third of a mile southeast of the east end of the 
railroad cut south of Poughquag (Clove quadrangle). The ledge is about 900 feet 
south of the track, back of an isolated farmhouse. The granite gneiss here dips 
80° E. Its flat surface is overlain by horizontal, pebble-bearing layers of quartzite. 
The contact is well exposed on the west front of the ledge. 

(2) At the southwest base of Allen Mountain, about half a mile north-northeast 
of Locality 1, near the intersection of the 500-foot contour line with the 40th meridian, 
the gneiss dips 70° to 80° E, and the conglomerate basal layers of the quartzite 
lie subhorizontal (Fig. 2). In both exposures there is a compact zone, about 3 feet 


%1T, N. Dale: The lime belt of Massachusetts, and parts of eastern New York end western Con- 
necticut, U. S. Geol. Surv., Bull. 744 (1923) p. 19. 
%C. E. Gordon: op. cit., p. 30. 
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thick, between stratified quartzite and foliated gneiss. This structureless, arkosic 
zone has also been found farther southwest in the Poughkeepsie quadrangle,” and 
may be regarded as a zone of weathered gneiss, buried by deposits of the advancing 
Cambrian sea. The transition zone is firmly recrystallized, and carries small octa- 
hedra of magnetite. 

(3) A mile and a half due south of the letter “o” in “Poughquag” (Clove quad- 
rangle map), a road passes between two 
small hills, 820 and 840, respectively. 
Quartzite at the southern hill dips 25° 
W-NW;; 30 feet southeast, the gneiss dips 
85° SE. 

(4) Although not directly exposed, an 
unconformity between quartzite and gneiss 
is also inferred on the east flank of the 
Poughquag spur. This is of special impor- 
tance, for the gneiss, 2%4 miles northeast, 
has been considered intrusive in the 
schist.* On the west shore of Whaley 
Pond (Fig. 33, block 1a), the quartzite 
forms a shallow broken syncline on top 
of the gneiss. The axis of the syncline 
pitches gently northeast. At the extreme 
southwestern end, the syncline splits into 
two branches (hill 880, half a mile due 
west of the letter “W” in “Whaley Pond,” 
Clove quadrangle map). Pebble-bearing 


a ie” layers in the quartzite lie subhorizontal; 

50 feet away, the granite gneiss dips 

— Z Even east of Whaley Pond, differences 

‘ u in dip are observed. Just east of the lake 


a¥44! outlet, for instance, the gneiss dips 55° to 
- Cas 78° SE, whereas the base of the quartzite, 
WAY 50 feet away, dips 37° to 25° SE. 


Ficure 3—Unconformity at base of Housatonic Highlands. — The uncon- 
Poughquag quartsite formity is exposed along the western and 
southern borders of the gneiss block. 

Due east of east-west bend in — — (1) At the crest of the gneiss ridge, near 
horizontal position behind the two trees. Ledge Amenia (Millbrook quadrangle), the base 
of pre-Cambrian granite gneiss in center of pic- of the quartzite lies horizontal on granite 
ture, showing foliation planes dipping 70 degrees gneiss that dips vertical (Fig. 27, B). 
east. (2) Near Sharon and Falls Village, Con- 

necticut (Cornwall quadrangle), the gneiss 
is overlain by the same quartzite, in such a manner that an unconformity best 


explains the relation.™ 


33 E. B. Knopf: Some results of recent work in the southern Taconic area, Am. Jour. Sci., vol. 14 


(1927) p. 429-458. 

%W. M. Agar: Proposed subdivision of the Becket gneiss of northwest Connecticut and their rela- 
tion to the surrounding formations, Am. Jour. Sci., 5th ser., vol. 17 (1929) p. 232-233. Also oral 
statement, May, 1935. 
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(3) At a point due east of the east-west bend of Tenmile River (Clove quad- 
rangle), at approximately 750 feet altitude, the quartzite lies horizontal, resting on 
gneiss that dips 60° E, 4 feet below the quartzite base (Figs. 3 and 27, F). 

(4) On the west slope of hill 1200, 134 miles due east of Dover Plains (Clove 
quadrangle), the quartzite dips 45° W; the gneiss to the east dips 50° E (Fig. 27, C). 
While still intact, the entire section here has been tilted 45° to the west. This is 
observed at a few other points nearby. 

The unconformity along the southern border of the gneiss block is exposed at the 
following points: 

(5) Eastern border of the quartzite strip, near the northern end, on the west 
flank of Schaghticoke Mountain (Clove quadrangle), at approximate altitudes of 
900 and 940 feet. At the lower outcrop, the quartzite strikes N 38° W, dips 40° SW; 
the gneiss strikes north-south, dips 63° E. At the higher outcrop, thin grit beds 
in the quartzite lie horizontal; the underlying gneiss dips 85° E. 

(6) About half a mile northeast of the north end of Ellis Pond (Clove quadrangle), 
about 600 feet upstream from the single house at the end of the road, and 200 feet 
east of the brook, the gneissic granite dips 75° SW; the basal layers of the quartzite 
strike N 15° E and dip 58° E-SE. 

(7) Unconformable contacts are indicated at the base of the quartzite strip north- 
west of Ellis Pond. The quartzite shows southward-pitching folds, but the gneissic 
granite, 80 feet to the north, dips steeply east. 


Stissing Mountain—The unconformity at Stissing Mountain shows along the 
course of a brook that drains the southwest slope of the ridge, about half a mile 
southeast of Miller Pond (Millbrook quadrangle). The granite gneiss north of the 
brook strikes north-south, and dips vertically or steeply west. The quartzite layers 
dip 5° to 10° S or SW. Isolated patches of quartzite, resting, near the main crest 
of Stissing Mountain, on gneiss with steeply dipping foliation planes, also attest to 
the unconformable relation. 

Lagrangeville fault block—aA ledge just north of the farm, north of the east-west 
road that crosses the hill, shows layers of quartz pebbles dipping 38° NW, but the 
foliation in the nearby gneiss dips 70° SE. 


DEFORMATION OF SEDIMENTARY ROCKS BETWEEN 
PRE-CAMBRIAN GNEISS FAULT BLOCKS 


GENERAL DISPOSITION 


To a certain degree, the structure of the sedimentary rocks in the gap 
of Wingdale is synclinal insofar as the enclosing gneiss blocks are, or have 
been, fringed by the oldest member, the quartzite. The pelite, the young- 
est member of the sequence, occupies the central area, separated from 
quartzite and the gneiss by extensive areas of limestone. However, the 
general basin structure is greatly marred and distorted by normal and 
thrust faults, which have cut out the quartzite for miles along the gneiss 
borders, and at many places have brought the limestone to the level of 
the pelite. Most of the faults strike north-northeast or north-south; 
hence, the rock units are arranged in belts of north-southerly trend. 
Most of the faults that border the gneiss blocks on the west, and also 
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others within the younger rocks, dip to the east or southeast, and are 
oblique thrust faults. The horizontal component of these movements is 
believed to have thrown the sedimentary rocks into folds, overturned to 
the west. As deformation of the strata is progressively stronger in a 
west-to-east direction, it will be described in this order, beginning with 
a discussion of the pelite, which is most widely developed in the western- 
most part of the area. 
DEFORMATION OF THE PELITE 


Folding.—As the Hudson River series in this area carries abundant 
siliceous layers, folds are readily recognizable. In almost every other 
outcrop, light-gray, white-weathering chert layers are interbedded with 
the black or olive-gray slate. Lenses of conglomerate or sandstone, 
although locally abundant, are more sporadic. 


The cherty layers are rarely thicker than one or two millimeters, although they 
range up to one centimeter or more, in some places. They alternate at slight 
intervals, building up zones, 20 to 30 feet thick. Masses of slate and phyllite replete 
with these layers weather out in small knolls, and some are prominent landmarks. 
Good outcrops are: west shore of Hunns Lake (Millbrook quadrangle); southeast 
slope of hill 1180, 144 miles south-southwest of Smithfield, near altitude 950 feet 
(Millbrook quadrangle) ; summit 1,000 feet, 144 miles due north of Clove Mountain 
(Clove quadrangle); numerous outcrops in the hills east of Verbank and Moores 
Mill (Clove quadrangle). In lithology and mode of weathering, these cherty layers 
strikingly resemble those in the Ordovician Normanskill slate, farther north, as 
described by Ruedemann.* 

Lenses of conglomerate or sandstone (“grit” lenses) range in length from 4 feet 
to more than 200 feet, and attain a thickness of 10 feet or more. The pebbles are 
mostly quartz, clear or blue varieties being common. In Millbrook and western 
Clove quadrangles, little pieces of black chert or red jasper are intermixed. Within 
about 10 square miles, between Pleasant Valley (Poughkeepsie quadrangle), Moores 
Mill, and Verbank (Clove quadrangle), no less than 114 lenses were mapped. A 
large mass of quartzitic sandstone south of Rochdale was described by Gordon.” 
Farther north and east, the lenses are rarer, but are of appreciable size. A row of 
lenses, about 20 feet thick, and aggregating about a mile in length, crops out at 
the west slope of rise 840, one mile west of Hunns Lake (Millbrook quadrangle), 
just east of the north-south road. Other localities are: a third of a mile southeast 
of Wassaic (Millbrook quadrangle) ; southwest slope of hill 960, one mile southwest 
of Dover Plains (Clove quadrangle); half a mile southwest of Mount Tom (Clove 
quadrangle); east-facing scarp of the pelite, 114 miles northwest of Corbin Hill 
(Clove quadrangle). 


Pebbles and clastic grains of quartz and jasper were observed as far 
east as hill 820, 114 miles north of the spot marked by the letter “D” in 


% R. Ruedemann: Geology of the capital district (Albany, Cohoes, Troy, and Schenectady quad- 
rangles), N. Y. State Mus., Bull. 285 (1980) p. 97, 98. 

%C, E. Gordon: Geology of the Poughkeepsie quadrangle, N. Y., N. Y. State Mus., Bull. 148 
(1911) p. 86. 
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Ficure 1. Impure MARBLE 
Showing crenulations of argillaceous beds. Looking north, southwest slope of hill 520, 114 miles south 
of Dover Plains. 


Ficure 2. GRANITE AND PEGMATITE DIKE IN PRE-CAMBRIAN GNEISS 
Along a small thrust, dam of Cross River reservoir, one mile east of Katonah. Looking north. 
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Ficure 1. Disruprep QUARTZITIC LAYERS IN DOLOMITIC MARBLE 
Hammer rests on one fragment, the continuation is 3 feet to the right (southeast) 14 miles southeast 
of Dover Plains. 


Ficure 2. ASYMMETRIC FOLD IN LOWER CAMBRIAN POUGHQUAG QUARTZITE 
Bent layers crossed by fracture cleavage, dipping 80° E. (right). Axis of fold pitches 10° S. Hill 620, 
half a mile northwest of Ellis Pond, Clove quadrangle. 
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“Dover” (Clove quadrangle) ; southwest slope of hill 960, one mile south- 
west of Dover Plains (Clove quadrangle), and one mile north of Amenia 
Union (Millbrook quadrangle), in a grit lens in marble. 

The admixture of so much arenaceous material has almost everywhere 
strengthened the argillite sufficiently to preserve the original beds, and to 
allow a fairly accurate reconstruction of the folding. The gentle dip of the 
limbs of virtually every fold, and the smallness of all observed folds in 
the argillaceous rocks, justify the assumption that large folds, and folds 
with steep limbs, are rare in the western pelite belt. The argillite as far 
east as Clove Valley and Turkey Hollow (Millbrook quadrangle) is 
regarded as a continuous formation, essentially flat-lying but crumpled 
by small folds, which do not seem to exceed the rank of small-scaie 
crenulations (Pl. 2; Pl. 3, figs. 1 and 3; Pl. 4, fig. 2). 

East of Clove Valley, there are probably several larger folds, perhaps 
broken by thrust faults, and the deformation of the argillite by folding 
is probably less important than is deformation by slipping along limbs of 
isoclinal folds or shear planes. 


A common type of folds in the slate and phyllite phases of the argillite might 
be called “zigzag folds” (Pl. 3, fig. 3; Pl. 4, fig. 2). The limbs are straight, and the 
apices are broken. As has been emphasized by W. Schmidt,” these folds extend 
much farther in the direction of the axial planes than they do along the strike of 
the beds. Elusive fractures, which develop at the apices of zigzag folds, dissect the 
rock into hundreds of parallel plates, each one representing the corresponding limbs 
of similar folds in many superposed beds. Folding of this kind paves the way for 
shearing in the rock. One condition that renders the rock susceptible to zigzag 
folds is the succession of innumerable thin layers that alternate in strength. Other 
factors are discussed by Schmidt.® 


Against this interpretation, it might be argued that folds with steep 
limbs are concealed by drift, or that large folds are masked in the few 
outcrops where the stratification is not distinguishable from fracture cleav- 
age. These possibilities have been carefully considered in the field, and 
have been discarded as improbable, for the Pleistocene cover is so irregular 
that large folds would surely have been noticed somewhere in the hundreds 
of exposures, scattered at short distances throughout the slate belt. Simi- 
larly, outcrops where the stratification is invisible are so few that it 
is doubtful that steep limbs would be restricted to these few points. Theo- 
retically, the existence of small districts that are structurally different is 
improbable. Thus, it seems best to await more positive proof before aban- 
doning the present view. That the folding in this section has been rela- 
tively mild is further supported by the moderate overturn of the folds (Pl. 
2; Pl. 3, fig. 1). Symmetric, open folds are not at all rare. 


37 W. Schmidt: Tektonik und Verformungslehre, Berlin, Gebr. Borntraeger (1932) p. 145. 
38 Op. cit., p. 139-146. 
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Azes of folds—From the vicinity of Hopewell Junction (Poughkeepsie 
quadrangle) to Stissing Mountain (Millbrook quadrangle), the axes of 
folds trend fairly regularly northeast-southwest, and pitch northeast at 
low angles. Where siliceous beds are absent, trend and pitch of axes vary 
more, and in a few places the beds are contorted on so small a scale that 
the axes vary in trend and pitch within single ledges. With approach to 
stronger beds, the order is restored. Northeastward-pitching axes are 
found as far east as one mile southwest of Dover Plains (Clove quad- 
rangle), one mile northeast of Littlerest (Millbrook quadrangle), and one 
mile southeast of North Clove. 

As one approaches phyllite and schist phases, he observes a change in 
trend and pitch of the axes of folds. In the argillite belt east of Clove 
Valley, the axes pitch southward between the latitudes of Pawling and 
Dover Furnace. Farther north, up to, and beyond, Amenia (Millbrook 
quadrangle), the trend is northwest-southeast, the pitch to the southeast 
being at angles between 15° and 60°. Southwest of Pawling, the axes vary 
more, although north-south trends are common. The anomalous trend of 
the axes north of Poughquag is discussed on page 748. 

In the schist belt east of Harlem Valley, the axes of the folds indicate 
a syncline. In the northern portion, from Tenmile Hill to Lake Ham- 
mersley (Clove quadrangle), the axes pitch south, lie subhorizontal in 
the central area, and pitch north as the Wanzer Hill spur is approached. 

In the immediate vicinity of the gneiss, the pitch is commonly vertical. 
Marble forms the eastern border of the schist belt, and here the axes 
pitch southeast at angles between 20° and 45°. 


Strike and trend—The smallness of the individual folds and the pitch 
of the axes call for a distinction between strike and trend of the layers. 
Where thrown into small, pitching folds, the layers resemble corrugated 
iron in form, and the local strike—i. e., the directions of the contorted 
limbs of folds—bears no direct relation to the trend of the stratum as a 
whole (Fig. 4). West of Clove Valley, for instance, where the folds pitch 
northeast, each layer trends northwest-southeast or east-west, although 
the local strike, as measured with the compass, invariably deviates from 
this direction. Although the strike is easily obtained, the trend may be 
difficult to determine. Where the individual folds are so small that the 
trend of the layers can be followed through larger outcrops, and the folds 
are open, trend and local strike are readily distinguishable. But where 
there are zigzag and isoclinal folds, there is danger of confusing the 
strike of thousands of small limbs of folds with the trend of the stratum. 
Figures 5 and 6 illustrate this. The more gently the axes pitch, the 
greater is the danger of misinterpretation, because the individual limbs 
crop out over appreciable distances, in directions that deviate at high 
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angles from the trend of the bed. The argillite east and west of Harlem 
Valley presents this structure. In the ridge east of Wingdale, for instance, 
the schist layers trend southwest-northeast, dipping south-southeast at 
gentle angles. The individual limbs of the folds, however, persistently 


Fiaure 4—Relation between trend and local strike of beds in tightly folded 
sedimentary rocks 


Structures in the folded and metamorphosed strata east of Clove Valley. Although the local strike of 
the beds is approximately north-south, individual beds can be traced from east to west. 


strike north-south, and give rise to the erroneous impression that the 
horizons themselves trend in this direction. Stronger rocks, which have 
not been crumpled in this fashion, show the true trend (Figs. 5 and 6). 

The question is important for purposes of structural correlation. Thus, 
a rock that trends east-west can be correlated in that direction, even if 
outcrops are not continuous; but rocks that trend north-south cannot be 
correlated transverse to the trend without supporting evidence. The 
pelite of Harlem Valley presents a case in point. The valley, underlain 
by marble, extends north-south, and is bounded on the east and west by 
schist. Although there is no question that the schist, as a continuous 
formation, extends northward for long distances on each side of the 
valley, it is permissible to correlate the rocks on both sides, because 
individual layers within each belt trend in directions that vary from 
northwest-southeast through west-east to southwest-northeast. Moreover, 
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the remnants of schist that overlie the marble between Patterson and 
Pawling, in addition to preserving at many points the deformed contact 
with the underlying limestone, show the same trend of beds athwart the 
valley, due to numerous small crenulations and bends. Also significant 
is the structure of schist hill 980, 2 miles southwest of Wingdale. The 
distance from this hill to the eastern schist belt is a mile; te the western 
schist, half a mile. It lies at the exact spot where the southward plunge 


Ficure 5.—Discrepancy between trend and strike of limbs in folded schist 


Glaciated surface, 4 by 2 yards, hill 840, 1% miles southeast of Wingdale. Beds on the limbs of the 
small isoclinal folds strike nearly north-south. A quartzitic lens (white), however, has preserved 
the “true” strike of the formation in an east-west direction through the spatial relations of its 
fragments. Axes of folds pitch gently south. 


of rocks of the Housatonic Highlands and the northward plunge of 
marble of the Corbin Hill thrust block converge to a structural “low,” 
comparable to the bottom of a syncline. 


The structure of the pelite on both sides of Clove Valley is similar. The phyllite 
on the west side of the valley rarely dips more than 35 degrees, lies horizontal in 
places, and swings around the north end of the valley, after the manner of a broad 
northward-plunging anticline. This relatively simple structure, however, is obscured 
by many small, appressed and overturned folds. It is further complicated by 
faults (p. 725). 

The split in the argillite belt in the vicinity of Wassaic (Millbrook quadrangle) 
bears out the same principle. The east front of the phyllite upland trends straight 
north for over 20 miles; south of Wassaic, a branch of the ridge extends northeast- 
ward, separated by a marble-floored valley of gradually increasing distance from the 
main mass. The argillite of the main mass, even within half a mile west and 
southwest of Wassaic, lies relatively flat; the limbs of the small folds rarely dip 
steeper than 30 degrees. The axes pitch gently southeast, and overturn to the west 
and southwest (Fig. 10) is moderate. With approach to the split in the schist, the 
limbs of the folds become increasingly appressed and dip at higher angles. At the 
entrance to Turkey Hollow, and in the cliffs southwest of Wassaic, they stand 
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vertical, striking north-south. The change can be checked, step by step, both in the 
gorge of Turkey Hollow and in the ravines that lead down from hill 1220, three 
quarters of a mile south-southwest of Wassaic (there are two, of which the western 
one has more continuous exposures) ; also, at the ridge, a third of a mile north of 
the entrance to Turkey Hollow. The split in the argillite is the result of an anticline 
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Ficure 6—Trend athwart strike 


Showing trend in east-west direction of the schist, although beds on the limbs of minute folds 
strike north-south. Glaciated surface, 3 by 4 yards, east-northeast foot of Purgatory Hill, Clove quad- 
rangle. Light layer (center) is a quartzite bed that has not been contorted. North of it is a pegmatite 


that pitches southeast, just as do the much smaller crenulations in the argillite 
west of the break. Yet the extreme compression of the layers has largely obscured 
this. Further details will be given on page 731. 


Trend and strike of the beds will have to be carefully distinguished 
in future work north and northwest of Millbrook quadrangle. Here, the 
entire dolomite and limestone horizons are absent, and the lower Cambrian 
slates and grits are in direct contact with the Hudson River series, as 
described in 1904 by T. N. Dale,®® and recently again emphasized by 


*®T. N. Dale: Geology of the Hudson Valley between the Hoosic and the Kinderhook, U. S. Geol. 
Surv., Bull. 242 (1904) p. 29, 30, pl. 1. 


if 
= 
q 
q 
4 
mass. 


706 ROBERT BALK—GEOLOGIC STRUCTURE OF SEDIMENTARY ROCKS 


E. B. Knopf.*® In Westchester and Putnam counties, and within New 
York city, the same divergence between local strike and trend is obvious 
in hundreds of places; for instance, the Manhattan schist of Central 
Park trends east-west, although 
the limbs of the appressed folds 
all strike north-south, or nearly 
so, the axes plunging gently to 
the south. Where the corrugated 
strata have been further deformed 
by upthrust blocks of gneiss, the 
erosion exposes the pelite as dis- 

connected belts, separated by par- 
Ficure 7.—Fracture cleavage allel, elongated zones of gneiss, 


Dipping steeply east, across crumpled beds of marble, or other rocks. 
phyllite. Turkey Hollow, east side of Wassaic 
Creek, 400 feet north of bridge of wagon road, Fracture cleavage——The term, 


Vertical surface, 2 by fracture cleavage, as used in this 
report, means a system of sub- 
parallel planes of structural inhomogeneity that cross the original beds; 
some of the planes are spaced in fractions of a millimeter, and some are 
several inches apart. Fracture cleavage is recorded only in those out- 
crops where both the original beds 
and the cross-cutting planes are 
visible. Where only one set of 
parallel planes is visible, leav- 
ing one without the possibility of 
deciding how the beds were ori- 
ented, the exact nature of the 
planes (whether flow cleavage in 
the sense of Leith, or fracture 
cleavage) could not be definitely yg 
determined. As thin sections show, 
in slate phases of the rock the 
basal planes of muscovite crystals 
are parallel to the planes of frac- ___Facums 8—Phyliite 
feature is not regarded as a pre- East side of Wassaic Creek, Turkey Hollow, a 
requisite for the term as here used. 
The planes correspond essentially 
to what Leith calls fracture cleavage,*t and Dale, false cleavage.*? In 
sandy phases of the argillite, the traces of fracture cleavage planes do 


“E. B. Knopf: Recognition of overthruste in metamorphic terranes, Am. Jour. Sci., 5th ser., vol. 
30 (1935) p. 203. 

“C. K. Leith: Structural geology (1923) p. 148-150. H. Holt and Company, New York. 

@T. N. Dale: The slate belt of eastern New York and western Vermont, U. 8. Geol. Surv., 19th 
Ann. Rept., pt. 3 (1899) p. 209. 
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not seem to cause rearrangement of minerals, although special studies 
may reveal some examples. As is common, the planes are more widely 
spaced in sandy than in the more argillitic phases; of some outcrops, one 
might speak of closely spaced joints as well as of fracture cleavage 
(Figs. 7, 8; Pl. 2, fig. 2; Pl. 3, fig. 1). 


Occurrence.—Although fracture cleavage is found even west of the 
Hudson, the structure is not universally present. It is best developed 
in the slate phases northeast of Poughkeepsie (Poughkeepsie, Millbrook, 
and Rhinebeck quadrangles), but, as the slate becomes more highly 
metamorphic, fracture cleavage fades. East of Harlem Valley, fracture 
cleavage is extremely rare; during a detailed investigation of the area, 
no more than three localities were found—the flat 800, between hills 860 
and 1060, one mile south-southwest of Webatuck; little knoll 860, a 
third of a mile south of Lake Hammersley; and a point, 2 miles southeast 
of Mizzentop, on the crest of the long spur that extends southeastward 
from hill 1280 (Clove quadrangle). During the mapping of Carmel 
quadrangle, only one outcrop of schist with recognizable fracture cleav- 
age was found, although the foliation of the surrounding pre-Cambrian 
gneisses is crossed in many places by secondary plane structures. 

In grit lenses, no fracture cleavage has been noted; in open folds, the 
structure is more common than in tightly appressed folds. Figures 10 
to 12, 24 a and d, show some examples. 


Orientation—The cleavage planes coincide almost everywhere with 
the axial planes of the local folds, and the most common strike in the 
western area is north-south to southwest-northeast, the dip being at 
60 degrees to the east. East of Clove Valley, however, the planes vary 
both in strike and in dip. In the hills south of Chestnut Ridge settle- 
ment, or southeast of Dennis Hill (Clove quadrangle), the orientation 
varies within such small distances that it is impossible to give a general 
orientation. Within single ledges, the planes lie here horizontal, there 
vertical. Many changes of direction within short distances are found 
along the eastern border of this pelite belt; for instance, westward dip 
is observed 214 miles west-southwest of Wingdale, and on the south- 
eastern slope of hill 1220, one mile south of Wassaic. Where folds belong 
to larger, fairly symmetric synclinoria, the planes are arranged in a 
V-shape, dipping toward the axis of the large structure. 

Fracture cleavage in synclinoria—One and a half miles northwest of Wassaic, the 
phyllite forms a complex, slightly asymmetric syncline between Wassaic Creek and 
the Amenia-Wassaic marble valley. The axis of the syncline pitches gently south- 
east. On the west side (east slope of Turkey Hollow), the cleavage dips approxi- 


mately 40° to 60° NE; on the eastern limbs, the planes dip west or southwest, 
between 30° and 80°. As usual in this belt, however, the symmetry is locally marred 
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by different orientations. The symmetric arrangement agrees well with the examples, 
recorded by Dale, in the slates farther north,“ and by Scholtz, in the Variscian 
Mountains,“ that fracture cleavage planes are arranged as symmetric shear planes— 
though commonly of microscopic throw—with reference to apices of folds (compare 
Fig. 10). 

Small contortions are commonly superposed on larger folds, and the cleavage 
directions coincide with the axial planes of the local crenulations, but not necessarily 
with those of folds of higher orders. 
In Figure 9, the beds, as a whole, dip 
northwest, but the axial planes of the 
small contortions dip southeast, and 
the fracture cleavage dips in the same 
direction. The same conditions were 
noted at the old iron furnace of Dover 
Furnace (Clove quadrangle), and at a 
point 1% miles northwest of Dover 
Furnace. Where large folds are not 
completely exposed, it is, in places, 
impossible to ascertain the relation be- 
tween the cleavage planes and the 
axial plane of the large folds. The 
same discrepancy between local con- 
tortions—large-scale folds, on the one 
hand, and fracture cleavage and axial 
plane of large folds, on the other—was 
noted by Dale in the slates farther 
north in New York, and in the vicinity 
of Mount Greylock, Massachusetts.” 

Scattered through the pelite are 
so many grit lenses and quartzite 
horizons that the deformation of 

x the argillite has probably been 

wast, by discupted vein. Frac. deflected into local directions of 
ture cleavage younger than folds and vein disrup- maximum relief, each direction 
to bending, and the location of 

the nearest grit beds. Thus, the “spotty” appearance of the fracture 
cleavage may be at least partially explained. The irregular orientation 
suggests that, whatever the direction of the principal orogenic compres- 
sion has been, it has not been strong enough to overcome entirely the 
locally varying shearing strength of the individual rock masses in the 


4#T,. N. Dale: The slate belt of eastern New York and western Vermont, U. 8. Geol. Surv., 19th 
Ann. Rept. (1899) pt. 3, p. 286. 
“H. Scholtz: Das varistische Bewegungsbild, Berlin, Gebr. Borntraeger (1930) p. 242. 
#T. N. Dale: The slate belt of eastern New York and western Vermont, U. 8. Geol. Surv., 19th 
Ann. Rept., pt. 3 (1899) plate 34. 
R. Pumpelly, J. E. Wolff, T. N. Dale: Geology of the Green Mountains in Massachusetts, U. 8. 
Geol. Surv., Mon. 23 (1894) p. 141, 151, 154, 156, 161, 166. 
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argillite. Between the strong interpositions of grit, chert, and quartzite, 
the weaker matrix of the argillite would seem to have yielded in directions 
that varied locally. 


Shear planes.—Intimately connected with fracture cleavage, but more 
impressive in the field, are shear planes in the argillite, which displace 
its layers (Figs. 10 to 13; Pl. 3, fig. 1). The similarity between the forms 

shown in Figures 14 to 18 and 
those described by Pumpelly, 
Wolff, and Dale from the vicinity 
of Mount Greylock ** is striking. 
Here, as well as in the slate dis- 
tricts of Vermont and eastern 
York and Pennsylvania,** 
there are transitions between frac- 
ture cleavage planes with infini- 
tesimally small displacements and 
shear planes with appreciable 

a — offsets (Behre*® uses the term 
Ficure 10.—Siliceous layer in pelite “cleavage shear zones”). Strike 


Overturned to the southwest and sheared by } 
and dip of fracture cleavage and 


south of Summit 1293, a mile west of Wassaic. | Shear planes agree closely where 
found together, and there can be 
little doubt that both express identical movements in the argillite, differ- 
ing merely in degree, and that they have developed during the time of 
folding in the argillite. The careful studies by Scholtz *° and Kienow,** 
in the Variscian Mountains of Germany, have clearly established the 
fact that the plastic deformation of the slaty rocks may be accomplished 
by shearing rather than by folding, relatively competent strata contin- 
uing to bend during periods when less competent beds yield by minute 
shear. These observations in New York confirm their conclusicn. 
Although found in all phases of the pelite, the shear planes are most 
conspicuous in the thin-bedded cherty zones that are interbedded with 
the more argillaceous rock. They are spaced at intervals averaging 
about a quarter of an inch, and displacements average, but may exceed, 


« R. Pumpelly, J. E. Wolff, T. N. Dale: op. cit., p. 136-158. 

“1 T. N. Dale: The slate belt of eastern New York and western Vermont, U. S. Geol. Surv., 19th 
Ann. Rept., pt. 3 (1899) p. 213-215. 

48C. H. Behre, Jr.: Slate in Pennsylvania, Pa. Geol. Surv., Bull. M16 (1933) p. 35-39. 

# Op. cit., p. 37. 

8 H. Scholtz: op. cit.: Uber das Alter der Schieferung und ihr Verhdltnis zur Faltung, Jahrb. d. 
Preuss. Geol. Landesanst., vol. 52 (1981) p. 303-316; Faltung und Schieferung im Ostsauerlénder Haupt- 
sattel, Centralbl. f. Mineral., Geol., Paliont., Abt. B, no. 7 (1932) p. 321-335. 

6 §. Kienow: Die innere Tektonik des Unterdevons zwischen Rhein, Mosel und Nahe, Jahrb. d. 
Preuss. Geol. Landesanst., vol. 54 (1933) p. 58-95. 
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an eighth of an inch. The surfaces are rarely straight, but dissect 
the rocks into thin lenticles. Although the planes tend to serve as small 
thrusts within the westward-overturned folds, normal faults are also 
found, and many of the rocks are shattered and sheared to such an extent 


Ficure 11.—Fracture cleavage 

Types showing its relation to folds in siliceous beds in pelite, west of Harlem Valley, Clove quad- 
rangle. All figures from vertical faces. Megascopic displacements along fracture cleavage in a, b, d, 
and h. Isoclinally folded, but continuous beds, with fracture cleavage subparallel axial plane in c, e, 
and g. Flexure-bending of cleavage planes in g. Location as follows: (a) southeast foot of hill 1120, 
a mile southeast of Chestnut Ridge settlement; (b) Spur 820, just east of Chestnut Ridge settlement ; 
(c) South foot of hill 980, just north of east-west road, 2 miles north of Corbin Hill; (d) Hill 900, a 
mile northwest of Chestnut Ridge settlement; (e) Hill 940, a mile north-northeast of Clove Mountain; 
(f) Half a mile south of Moores Mill; (g) Spur 560, three quarters of a mile southwest of Dover Plains; 
(h) Near top 1080, 2% miles east-southeast of Clove Spring. 
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that it is difficult to determine the tendency of movement along each 
plane. The displaced beds are commonly contorted; some beds that are 
paper-thin between a given pair of shear planes, thicken between the 
adjacent shear planes; others retain a constant thickness for a few 


Ficure 12—Quartz vein in black phyllitic schist 


Minutely folded and sheared by fracture cleavage. Chestnut Ridge, 1% 
miles northwest of Dover Furnace. Glaciated surface, 3 by 2 feet. 


inches, and then become so thin that they are lost within short distances. 

Some of the shear planes are so closely spaced that the siliceous beds 
between them have been reduced to mere “threads” (Fig. 15, lower right- 
hand side). Good exposures are in the road-metal quarry on highway, 
crest of schist ridge, 214 miles northwest of Pawling; at the hunting lodge 
of Bald Mountain Hunting Club; on north-south road, one mile due 
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west of Sharparoon Pond (Clove quadrangle) ; eastern slope of hill 1120, 
one mile southeast of Chestnut Ridge settlement. In some places, it is 
impossible any longer to recognize the bedding, and the closely spaced 
shear zones are the only perceptible plane structure in the rock. The 


Ficure 13.—Siliceous, folded layers in pelite 


Cut off by subhorizontal shear planes, and subsequently recrystallized. East slope, hill 880, 3 miles 
southwest of Wingdale. Vertical surface, 4 by 2 feet. 


conditions seem to be similar to the intense shearing, observed in the 
Paleozoic grits and slates of Anglesey, Wales.°* However, few of the 
fracture cleavage and shear planes in the gap of Wingdale are bent and 
folded as are those in Anglesey, and the recrystallization has gone much 
farther than it has in the Welsh area. 

The shear zones furnish excellent examples of the obliteration of the 
original S-planes, in the sense used by Sander,®* by new sets of shear 
planes, so closely spaced that they simulate perfectly the original bedding 
planes. Even where the shear planes are more widely spaced, they intro- 
duce the same problem; the shaly layers have seemingly been squeezed out 
locally from between the cherty beds. Thereby, the siliceous beds have 
crowded together into small sheets, each bordered by two shear planes. 
The siliceous sheets are separated from each other by argillaceous mate- 
rial that assembled along shear planes, and, where these sheets are long, 
the alternation between the siliceous and the micaceous sheets also simu- 
lates original beds (Figs. 16,17). To judge from Dale’s description, the 


8. Greenly: Foliation and its relations to folding in the Mona complex at Rhoscolyn (Anglesey), 
Geol. Soc. London, Quart. Jour. (1930) p. 169-190, esp. p. 171, 173; The Geology of Anglesey, Geol. 
Surv. England and Wales, Mem. (1919) p. 170-205. 

53 B. Sander: Gefiigekunde der Gesteine (1930) p. 98, 99, 218-220. Vienna, J. Springer. 

E. B. Knopf: Retrogressive metamorphism and phyllonitization, Am. Jour. Sci., 8rd ser., vol. 21 
(1931) p. 15-18. 
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“cleavage bands” in the slate districts of eastern New York and western 
Vermont formed through the same process.5* Cleavage banding, where 
siliceous layers are interbedded with slate, is probably more common 
than is assumed. Zigzag folds would seem to afford especiaily good 
opportunities for the early squeezing-out of argillaceous material. It 
is almost a foregone conclusion that the fractures along apices of the 
folds will act subsequently as straight and far-reaching shear zones. 

The shaly “paste,” squeezed out between cherty layers, has probably 
facilitated gliding along the shear planes. Although displacements of 
more than about one inch along adjacent slip planes were not observed, 
possibly the pulverized material itself has been transported over greater 
distances. This is indicated not only by the remarkable uniformity in 
composition of the shear-plane coatings, irrespective of local composition 
of the sheared rock, but also by the evidence of solutions of igneous 
derivation that have traveled along shear zones. This point, which is 
of great significance for the mechanism of the metamorphism, is discussed 
by Barth. 

The same directions that were mentioned for the fracture cleavage 
hold true for the orientation of the shear planes. They, too, vary in 
strike and dip between Clove and Harlem valleys. Vertical dip, in 
particular, is common. On hill 820, one mile southeast of Chestnut Ridge 
settlement (Clove quadrangle), some planes are subhorizontal, although 
most of them dip steeply west or east. In this area, shear zones are 
much more numerous than anywhere farther west or east; indeed, many 
localities, where only fracture cleavage has been noted, carry shear 
planes also. 


Shear zones in recrystallized rocks —Southeast of a northeast-southwest 
line that runs through Clove Valley, the pelite, and with it the films 
of crushed minerals on the shear zones, have been recrystallized (Figs. 
14-17). The sheared rocks are firm, in one place (highway, 214 miles 
northwest of Pawling) the rock is quarried for road metal (Figs. 17, 18). 
The shear planes are coated with flakes of biotite and almandite, and 
cyanite was locally observed. Quartz is conspicuously rare. A detailed 
petrographic description is given by Barth. Perhaps the most impressive 
outcrop of these shear planes is a ledge (Pl. 5), 40 feet east of the hunting 
lodge of Bald Mountain Hunting Club, one mile due west of Sharparoon 
Pond (Clove quadrangle). The rock, a greenish-gray quartz-sericite 
schist, is isoclinally folded; the limbs trend east-west; the axes trend 
north-south, pitching at low angles. Although sliced into thin sheets by 
shear planes, striking N 30° E, dipping 65° W, the rock is thoroughly 


54 T,. N. Dale: The slate belt of eastern New York and western Vermont, U.S. Geol. Surv., 19th Ann. 
Rept., pt. 3 (1899) p. 214, 215, pl. 30. 
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recrystallized. The zones traverse the entire ledge as straight, parallel 
planes, spaced at intervals of 7 to 13 millimeters, although some are 
as much as 26 millimeters apart. Fifty-one planes were measured in 
52 centimeters of schist. The individual offsets of the folded beds vary 
from 2 to 24 millimeters; the 
average is between 4 and 12 


millimeters. The fabric of the 
ty 
c): shear plane coatings is coarser 


and carries more, and larger, 
crystalloblasts than does the 
remainder of the schist; the 
conditions for the growth of 
crystalloblasts were evidently 
better along these planes than 
elsewhere in the schist. A sec- 
ond, feebler, set of cleavage 
planes dips 35 degrees east; no 
crystalloblasts were noted on 
these planes. Doubtless, shear 
planes have been the chief ave- 
nues for circulating solutions 
during the anamorphism of the 
rock; the diffusion along these 
zones has been faster than in 
the matrix of the rock; and the 
coarseness of the rock fabric, 
as a whole, depends on the 
Ficure 14—Sheared and subsequently intervals at which the planes 
recrystallized siliceous layers of schist dissect the rock. The chemical 
Plan of glaciated surface, 3 by 2 feet, west of | reactions that have taken place 
summit 880, a mile west of Mount Tom, Clove 
quadrangle. Shear zones are vertical, and are during this process are dis- 
studded with biotite crystalloblasts, much coarser cussed by Barth. 
is at the south-facing scarp, 
southern slope of the eastern hill 940, half a mile southeast of Camby 
(Clove quadrangle). Here, the rock is a fine-grained phyllite, inter- 
bedded with siliceous layers. Shear zones that penetrate this rock are 
studded with crystalloblasts of biotite and garnet, the latter, one milli- 
meter in diameter. No garnets were found in the surrounding phyllite 
at this ledge (Fig. 16). Other exposures are scattered through the entire 
schist area between Pawling, Dover Plains, and Clove Valley. 
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Ficure 15.—Polished specimen of phyllite 
Showing limbs of folds, displaced by shear zones, and subsequently recrystallized. Hill 1020, 
1% mile east of North Clove. Biotite crystalloblasts along the shear zones are coarser than those 
elsewhere in the phyllite. At the lower right, the zones are so closely spaced as to obliterate the 
original beds. Siliceous layers shown in solid black. 


~ ( 


Ficure 16.—Polished specimen of siliceous phyllite 
Showing garnet-studded shear zones and development of cleavage bands. South slope of eastern hill 
940, north end of Clove Valley. Phyllite enclosing the shear zones has no garnet. 
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Cross-cutting shear planes in recrystallized rocks have not been ob- 
served farther east than the schist belt east of Harlem Valley. They 
seem to be restricted to a relatively narrow zone, in which the deforma- 
tion of the rock did not go beyond moderate folding and shearing, and 
where the anamorphism has been limited to the pervasion of the rock 


Ficure 17—Polished specimen of biotite-garnet schist 
Showing crystalloblasts of garnet (black dots) along shear zones that cross the apex of an iso- 
clinal fold. Beginning development of cleavage banding. Road metal. quarry, highway Pawling- 
Stonehouse, 2% miles west-northwest of Pawling. 


by solutions of moderate temperatures, without further softening by 
intrusions. Thus, the crystalloblasts grew under more or less static 
conditions. The biotite metacrysts are randomly oriented in the recrys- 
tallized shear plane coatings, clear evidence that no movements have 
taken place since their growth. Where the deformation of the rock has 
been accompanied by intrusions, however, the mechanical function of 
the shear zones seems to have been superseded by further plastic gliding 
along all available planes of mechanical inhomogeneity, and the subse- 
quent recrystallization of the entire rock fabric makes it extremely 
difficult to detect remnants of the planes that cut across the original 
layers of stratification. The matter is further discussed in connection 
with thrust faults (p. 737). 


Linear parallelism—tThe surfaces of fracture cleavage and of shear 
planes are commonly streaked. The linear parallelism is difficult to detect 
in the slate phases, except in the vicinity of thrust faults (p. 744), but it 
becomes conspicuous in the phyllite, schist, and gneissic phases. The lines 
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commonly trend east-west, with local deviations to the east-southeast and 
southeast, thus coinciding closely with the direction of dip of the planes 
on which they lie. Probably, microscopic examination of the slate phases 
will reveal the same linear alignment of the sericite grains on crdinary 
fracture cleavage surfaces throughout the region. The linear structure 
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Ficure 18.—Polished specimen of siliceous schist 


Recrystallized after shearing. Note obliteration of original beds (lower right-hand corner) and 
growth of garnet crystalloblasts (white dots) along shear zones. Black material consists of biotite, 
almandite, and cyanite. Road metal quarry, 24% miles west-northwest of Pawling, Clove quadrangle. 


is found, also, in the slate districts north and south; the lines—called 
“grain” by the quarrymen—also trend east-west.°> The trend of the 
linear structure coincides with the direction of movement on the various 
thrust faults. The importance of this structure element for the recogni- 
tion of disturbances is discussed on page 737. 


DEFORMATION OF THE LIMESTONE 


Folding —West of Clove and Shekomeko valleys (Millbrook quad- 
rangle), the limestone is warped and thrust into the argillite in places, 


%C. H. Behre, Jr.: Slate in Pennsylvania, Pa. Geol. Surv., Bull. M 16 (1933) p. 35-39. 
T. N. Dale: The slate belt of eastern New York and western Vermont, U. S. Geol. Surv., 19th Ann. 


Rept., pt. 3 (1899) p. 209, 285. 
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but is rarely folded. The few folds that are seen, are of the broad, open 
type, slightly overturned to the west. No isoclinal folds were noted. 

East of Clove and Shekomeko valleys, the marble almost everywhere 
is folded. The degree of folding depends on the thickness of layers, and 
on the proximity to a thrust contact. Thick layers may show open folds, 
although thin-bedded layers between them are nearly isoclinal. In the 
vicinity of thrust faults, the folds are extremely long and drawn out; 
apices are reduced to elusive features, easily overlooked between the 
long straight limbs of the folds. Harlem Valley was mapped in detail. 
. Figure 21; Plate 6, figure 1; Plate 7, figure 1; Plate 8, figure 1; and 
Plate 10 and Plate 19 give a fair idea of the type of folding. 


The transition from the fossiliferous,” relatively undisturbed dolomitic limestone 
to an isoclinally folded, recrystallized marble takes place within a distance of three 
miles, west of the Poughquag spur. At a quarry south of Crouses Store, and in a 
little canyon of Fishkill Creek, the beds dip gently east, being crossed locally by 
fracture cleavage. Between Beekman and Greenhaven, the beds dip at moderate 
angles in various directions; folds are open and wide. Northeast of Greenhaven the 
dip increases rapidly; axes of folds trend northeast-southwest; the limbs are vertical 
in places. One mile farther east the rock is folded isoclinally, overturned to the west, 
the limbs dipping 15° E. At the Poughquag railroad station, the layers are thinned 
out by flowage. Two and a quarter miles southeast, at the railroad cut on the east 
shore of Whaley Pond, the fine-grained marble is intensely folded. The limbs of 
the isoclinal folds dip east at angles between 35° and 55° and are not distinguishable 
everywhere from recrystallized shear planes lying in the same directions. 


In all marble belts farther southeast, the limbs of folds lie parallel 
(commonly north-south) over appreciable distances, so that cursory in- 
spection of single ledges may suggest a system of tilted, but not otherwise 
deformed, limestone beds. However, the numerous apices of pitching, 
isoclinal folds leave little doubt that the parallel succession of long and 
straight “layers” of marble is not identical with the original succession 
of limestone beds after deposition, but includes many repetitions of the 
same beds. For the same reason, the original thickness of the marble 
remains unknown. The development of the long limbs is further discussed 
on page 744. 


Cleavage.—Along a zone, extending from Fishkill to Pine Plains (Mill- 
brook quadrangle) and east of it, fracture cleavage is fairly common. 
The planes dip east at moderate or high angles, and bear the same 
relation to the axial planes as do the corresponding planes in the argillite 
(p. 707). In some places, where cleavage planes cross the original beds, 
flexures have been noted. In a little canyon of Fishkill Creek, a third 
of a mile south of Crouses Store (Clove quadrangle), the beds dip 15° E, 


% W. B. Dwight: Fossils of the western Taconic limestone in the eastern part of Dutchess Co., N. Y., 
Am. Jour. Sci., 3rd ser., vol 39 (1890) p. 71. . 
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fracture cleavage dips 55° E, and flattens out parallel to the beds, beyond 
shaly horizons. The movements have been slight overthrusts of the hang- 
ing beds. With increase of crystallinity, the cleavage planes disappear. 
The easternmost ledge with cross-cutting fracture cleavage is near the 
top of hill 500, two-thirds of a mile northwest of Webatuck (Clove quad- 


granile gneiss 


Ficure 19.—Unconformable relations between the pre-Cambrian gneiss of the Housa- 
tonic Highlands and the sedimentary rocks south of tt 


Pelite, marble, and quartzite are separated from the gneiss by the unconformity at the base of 
the quartzite. 


rangle). Here, the apex of a large fold is crossed by cleavage planes, 
dipping 65° E. No displacements of the folded layers could be measured. 
Scattered cross-cutting fracture cleavage has been noted at other places 
in the Harlem Valley marble belt (Fig. 24, h), but, as a whole, the 
structure is rare. In the quadrangles farther southeast, no cleavage is 
known. 


Strike and trend.—The individual layers of marble in Harlem Valley, 
and eastward beyond it, trend east-west, although the limbs of the folds, 
and the belts of outcrops on the surface, strike north-south (Pls. 10 
and 19). Thus, there is the same discrepancy as was described from the 
pelite. It is noteworthy that the corresponding structure elements (limbs 
of folds, their strike and dip, and trend and pitch of axes) follow identical 
directions in both the pelite and the marble, as is best seen in the area 
near the south end of the Housatonic Highlands (Pl. 1). Without causing 
any changes in directions of the internal structure elements, the boundary 
between marble and pelite swings from north-south to east-west, and the 
base of the schist, resting on southward-dipping marble, with southward- 
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pitching axes of isoclinal folds, is exposed at two points south of Weba- 
tuck (north slope of hill 860, at approximate altitude of 550 feet, contact 
dips 50° S), also, on the south shore of Housatonic River, just east of 
the east border of Clove quadrangle. This section is one of the few where 
the succession from the pre-Cambrian gneisses to the pelite is intact, 
and relatively little disturbed by thrusts (Fig. 19). 

The east-west trend of the rocks in this zone leaves no doubt that the 
Harlem Valley marble belt is the equivalent of the next one to the east 
that passes through New Milford and Danbury, Connecticut. The dis- 
crepancy between trend and local strikes is less pronounced farther north, 
beyond Amenia. 


Plastic flow.—The limbs of the isoclinal folds in the marble have been 
further deformed by plastic flow along the planes of the limbs. The 
original thickness of each limb (if it had, perchance, retained its original 
thickness to that stage of the folding) has been reduced; apices of many 
isoclinal folds have been destroyed in favor of through-going planes of 
gliding; and, where the mineral composition of these planes varies, they 
appear now as subparallel “layers.” In view of this complicated history, 
the term foliation planes seems more appropriate than the term strati- 
fication planes. If the “layers” are likened to layers of original deposi- 
tion, it should be borne in mind that they can be, at best, the emaciated 
remnants of original, isoclinally folded layers; and even this need not 
be true in every instance, for the foliation planes may be the reproduction 
of fracture cleavage planes that cross-cut the original beds of deposition 
(p. 724); they may also be caused by silication by thermal solutions, 
as Bain’s detailed studies in the Vermont marbles have shown.’ As these 
possibilities do not seem to have received enough attention, observations 
in support of this origin are given in some detail. There are three lines 
of evidence: (1) Straight, seemingly undeformed layers of marble enclose 
isoclinally folded and dismembered fragments of stronger rocks; (2) some 
apices of folds within the marble are intensely sliced and disturbed by 
slip planes (older than the recrystallization), parallel to the foliation 
planes nearby; (3) fracture cleavage, older than the recrystallization, 
crossing the apices of the deformed folds, also strikes and dips parallel 
to the foliation planes. A fourth criterion, the orientation of linear par- 
allelism on the foliation and cleavage planes, is discussed on page 724. 


Examples of fragmented and rotated inclusions—The rock at the south end of 
hill 520, one mile south of Dover Plains, contains lenses of greatly contorted quartz 
schist. One of the layers has been broken into 42 isolated fragments, extending 36 
feet. Some fragments are terminated by sharp, angular fracture surfaces. Distances 


57 G. W. Bain: Calcite marble, Econ. Geol., vol. 29 (1934) p 121-139. 
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between adjacent fragments exceed 2 feet. The surrounding marble shows smooth, 
continuous foliation planes, parallel to the trend of the row of fragments, simulating 
undisturbed layers of deposition. Plate 9, figure 1, was taken at a nearby ledge. 
On the west shore of Housatonic River, 300 feet north of Bulls Bridge (Clove 
quadrangle), a large mass of quartzite, broken into five or six pieces, lies in the 


Ficure 20.—Isoclinally folded fragments of quartzite in dolomitic marble 
Bed of Housatonic River, north of Bulls Bridge. 


marble. The two larges pieces lie 5 feet apart; between them, several smaller 
fragments “float” in the marble, which must have filled the vacated space by plastic 
flow. The borders of the fragments are smooth, but within the two large ones are 
extremely tight, isoclinal folds (Fig. 20). The surrounding foliation planes of the 
marble are continuous, and strike in the direction in which the quartzite fragments 
have been pulled apart. 

Schist fragments, “drifting,” so to speak, in the marble, are shown in Figure 21. 
The schist was folded to a moderate extent, was traversed by several fractures that 
caused “zigzag” folds, and then was fragmented along the ruptures. The enclosing 
marble seems to have been squeezed in from below or above, thereby prying the 
schist fragments apart in a subhorizontal direction. Explanation of this rather 
peculiar mechanism may be found in the fact that the outcrop is only 1,000 feet 
north of the north end of the Corbin Hill thrust block. Possibly, the marble was 
compressed by the upper front of the rising mass, and yielded in this manner. This 
particular kind of plastic flow, however, did not affect the top layers of the ledge. 
They overlie unconformably the tightly compressed and steeply dipping limbs of 
the deformed zone. Another example of a structural unconformity is exposed in 
an abandoned quarry, at the tiny hill 440, just east of the New York Central Railroad 
track, 14% miles north-northwest of Dover Furnace. Limbs of sharp folds dip 60° E, 
being overlain at an acute angle by a thick layer. 

On the east slope of hill 560, one mile south-southwest of Pawling the foliation 
of the marble strikes N 25° E, dipping 37° E-SE. Amid the foliation planes is a 
fragment of quartzite, one foot long, the internal layers of which strike N 50° W. 
This block must have rotated 90 degrees with reference to the surrounding foliation 
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Ficurn 21—Zigzag folds and schist layers disrupted by plastic flowage of surrounding 
marble 


Hill 580, 1% mile north-northeast of Corbin Hill. Looking north. Tightly compressed limbs of the 
marble folds are discordantly cut off at the top by thicker layers of gently folded marble. 


Fiacure 22.—Folded, drawn-out, and fragmented schist layer in dolomitic marble 
West shore of Housatonic River, south of Bulls Bridge. Horizontal area, 120 by 40 feet. 


planes, but no trace of rotation or folding is recorded by them, nor can the continua- 
tion of the quartzite be seen. : 

Figure 22 shows that the marble that now surrounds the long tract of drawn-out 
schist fragments must have been flattened considerably, perpendicular to the trend 
of the fragments. 
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About 250 feet south of Bulls Bridge, a quartzite block within marble, 4 feet long 
and 1 foot thick, has its longest diameter in east-northeast to west-southwest. 
Foliation planes in the surrounding marble follow the same direction ,and show no 
traces of folding. Nevertheless, the interior of the quartzite slab consists of intensely 


appressed isoclinal folds, the limbs of 
which strike nearly north-south. It is 
the same accordion structure as was 
described on page 703, except that in 
this case the more competent rock was 
in the stage of isoclinal folding, whereas 
the surrounding marble was in a state 
of plastic flow along smooth slip planes 
parallel to the contours of the resisting 
inclusion. 

The list of examples could be greatly 
extended. Suffice it to say, that liter- 
ally scores of exposures, all showing 
the same process, are scattered among 
the marble tracts of Dutchess, Putnam, 
and Westchester counties; many are 
also found within the city limits of 
New York (for instance, at Spuyten 
Duyvil; near 207th Street, east of Sea- 
man Avenue; in the railroad-cuts along 
the Harlem River). Even in cursory 
examination of larger marble exposures, 
attention is quickly arrested by the 
remarkable phenomena of plastic flow 
of the marble around stronger inter- 
positions. 


Examples of sheared apices—In Fig- 
ure 23 the apex of a large isoclinal 


fold is illustrated. Instead of forming 


a simple curve, the layer is flexed no , 
less than 14 times within a distance a 
out iously South Dover marble quarry, Clove quadrangle. 
rought about my the apex 18 Northern ledge shows parallel gray and white layers, 
traversed by many slip planes, each simulating tilted but non-folded beds. Southern 
deforming the layer at a slightly dif- ledge, separated by 20 feet of pasture, shows this 
ferent rate. interpretation to be wrong—layers are the limbs of 
, an isoclinal fold. Flowage of rock parallel to limbs 
In the outcrops of marble, one mile ¢¢ the fold is shown in the inset below the hori- 
southeast of Dover Plains, also at Fox zontal line, which is # detailed drawing of the apex 
Hill, and farther north, dozens of above. 
apices are similarly subdivided into 
many small apices by slip planes parallel to the general strike and dip of the 
straight, continuous foliation planes nearby (Pl. 7, fig. 1; Pl. 11, fig. 3). The 
familiar small, but sharp, folds on the limbs of larger ones are usually due to the 
same kind of slip; many layers, where they are crossed by slip planes,™ are thinned 


out, as in ordinary flexures. 


88 Essentially the same mechanism—i.e., deformation of major folds by innumerable slip planes, 
causing small, appressed folds on the flanks of larger ones—is advocated by G. W. Bain [Flowage 
folding, Am. Jour. Sci., 5th ser., vol. 22 (1931) p. 503-530, esp. p. 505-506; a good illustration is 
plate 12 A in Guidebook 1, 16th Intern. Geol. Cong., U. S. A. (1983) opp. p. 75]. 
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Examples of fracture cleavage older than recrystallization—At hill 540, 2% miles 
southwest of Wingdale, the apex of a larger fold is crossed by steep cleavage planes 
that dip steeply west as do the limbs of the folds in the nearby marble (Fig. 24, h). 
No appreciable displacements of the bending layers were noted. The rock must 
have been deformed by plastic flow before the cleavage developed, as shown by the 
drawn-out schist slabs. 

Just north of the top of hill 500, three quarters of a mile northwest of Webatuck, 
a large fold shows two limbs that swing around an axis which pitches 60° E. The 
planes of the easterly limb strike north-south, dipping 60° E, whereas those of the 
westerly limb strike N 15° W, dipping 55° E. The apex is crossed by long and 
straight cleavage planes, dipping 60° E. They coincide with the foliation planes 
of the easterly limb, but truncate both the apex and the planes of the westerly limb. 
The rock has been flattened along these planes, as shown by the well-developed streaks 
of sericite and pyrite, pitching east. However, no megascopic offsets are visible where 
the planes cross the apex. 


Necessity for detailed information—It was necessary to present the 
evidence for plastic deformation of the marble in some detail, because in 
the literature there are a few statements concerning the conformable con- 
tacts between foliated marble and pre-Cambrian gneisses in southeastern 
New York that are hard to understand. Although the extreme deforma- 
tion of this rock has been recognized by all workers, the persistent con- 
formity of the marble foliation with the foliation of the various gneiss 
blocks has apparently been a puzzling feature to some; in fact, the identi- 
fication of this rock with the Paleozoic limestone northwest of the High- 
lands has been doubted, on the grounds, that the same formation cannot 
be unconformable with the gneisses in one area, and conformable in an- 
other. The foliation planes strike and dip parallel to the gneiss borders 
because the movements of these strong rock masses have caused plastic 
flowage of the marble. The process can be likened to the yielding of a 
plastic paste to compressing pistons. In the discussion of the deforma- 
tion of the quartzite (p. 734), additional data are presented. 


Structure of schist outlers—The deformation of schist outliers of ap- 
preciable size in the limestone illustrates not only the mechanics of move- 
ments in the limestone but especially the correlation of the deformation 
of the one rock to that of the other. Although both the limestone and the 
argillite seem to have been fairly weak rocks, the limestone is a more mas- 
sive and heavy-bedded rock, whereas the argillite maintains minute dif- 
ferential movements of thousands of thin layers. The adaptability of the 
structure in the one rock to the movements of the other is impressive. For 
instance, 114 miles north-northwest of Patterson, a local anticline in the 
marble trends west-northwest (Pl. 10). Its limbs are flanked by the 
schist, but about 150 feet from the marble contact the schist is so closely 
folded that the north-south strike of the limbs of the tiny contortions sug- 
gests a strike of the schist in this direction. In reality, the limbs belong 
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to minute corrugations, the axes of which pitch south; and, where this 
“accordion” joins the limestone anticline, the wrinkles flatten out, and the 
limbs overlie smoothly the limbs of the marble fold. The dip angle of the 
southern limb of the marble fold is the same as the pitch angle of the little 
folds in the schist. In the interiors of large schist inliers, many axes and 
limbs of folds follow directions not related to those of the limestone, but, 
where the two formations join, they show structural harmony. 

The schist inlier of hill 980, 2 miles southwest of Wingdale, is another 
case in point. The structure of the marble north of it is shown in Plate 19. 
The folds are almost appressed to isoclinal stages, and pitch southwest, in 
accordance with the local pitch of the rocks off the southern end of the 
Housatonic gneiss block. If the schist hill is ascended, the first impres- 
sion is that the rock is a steep plate, dipping about 70° E. Horizontal sur- 
faces, however, show this explanation to be a fallacy. The rock consists of 
a multitude of exceedingly small, compressed folds, the axes of which pitch 
gently south, like those of the marble. At the contacts, especially at the 
north and west, the conformity with the foliation of the marble can be 
seen, and a few stronger quartzite lenses, near the crest of the hill, trend 
east-west. 

The several schist inliers north of Webatuck show the same relation of 
their compressed, pitching folds to those of the surrounding marble. Many 
other examples have been studied. 


DEFORMATION OF LIMESTONE-PELITE CONTACTS 


General statement.—The new geological map of the United States 
(1933) shows several faults between the limestone and the pelite belts of 
Dutchess County. This interpretation seems to be based on reconnaissance 
work, but does not correctly express the structure of the rocks. It is true 
that the contacts between the main limestone and the pelite belts are lo- 
cally deformed, also faulted, but the important point is that the disturb- 
ances affect both rocks alike, and do not coincide with the pelite-limestone 
contacts. 


Clove Valley—Contacts between limestone and argillite are exposed 
along the western and eastern border of Clove Valley; the northern termi- 
nation is concealed by glacial deposits. 

On the western border, the contact is either a high-angle normal fault or 
a thrust fault which has shoved the limestone westward over the phyllite. 
Locally the limestone appears to underlie the phyllite along a subhorizon- 
tal surface, without evidence of any appreciable disturbance. 

On the northwest side of hill 600, two-thirds of a mile northwest of Beekman, 
black phyllite crops out, forming a gentle syncline, the axis pitching 20° NE. A 
northeast-southwest fault passes over the top of the hill, and 30 feet southeast of 
the phyllite, limestone is exposed, the layers seemingly horizontal although not 
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everywhere discernible. Some 500 feet south, they strike N 70° E, dipping 17° SE. 
The limestone at the boundary shows no signs of crushing, but some siliceous veinlets 
weather out in relief at a few spots. Cleavage in the adjacent phyllite strikes 
N 55° E, dipping 62° NW. The rock contains small biotite metacrysts. This is 
regarded as a subvertical fault contact, along which the limestone has been raised 
to the level of the phyllite. The exact dip of the fault is unknown, but, to judge 
from the trace of the rock boundary, it is steep. 

At the southeast base of hill 860, 1% miles north of Beekman (west of the brook 
shown on Clove quadrangle) is a little ridge, composed of limestone. Dips are 
irregular—N 55° W, dip 37° SW; N 12° E, dip 22° E. Farther northwest along 
this ridge, the strike is N 65° W, dip 65° NE, and the rock maintains this attitude 
into the woods, where outcrops end. West of the limestone ridge, beds of black 
phyllite strike west-northwest; the axes pitch 55° NE. Although phyllite and lime- 
stone are not in immediate contact, it seems, from the trace of the boundary zone, 
that the limestone is folded over, or thrust onto, the phyllite, along a plane that 
dips northeast at similar angles. 

East of the foot of hill 1160, a mile south-southwest of Clove Mountain, limestone 
is exposed in an abandoned limonite pit, dipping east at angles between 45° and 65°. 
At the east base of the hill, about 30 feet above the valley floor, horizontal beds 
of phyllite crop out. Higher up, along a brook, draining to the southeast, is phyllite, 
dipping west between 15° and 23°; cleavage dips at 80° E-SE. In the upper half 
of the slope, the phyllite dips east and west at low angles, not steeper than 40 degrees. 
The axes of the folds trend north-south or northeast-southwest, pitching gently 
northeast. Locally, the folds are overturned to the west. 

The next brook to the north exposes, on the northeast side, black phyllite, the beds 
dipping southeast between 30° and 40°. Here the limestone is concealed, but the 
phyllite commences about 20 feet above the valley floor. Beds of phyllite in the 
brook lie subhorizontal; local dips to the west or east, down to 25 degrees, but 
usually flatter, are well distinguishable from fracture cleavage, which dips 50 degrees 
east. Higher up, the phyllite is gently folded and overturned to the west; dips 
steeper than 25 degrees are rare; and cleavage varies in dip from 20° to 80° E. 

In the bed of the brook that drains the north slope of Clove Mountain, the beds 
of phyllite, at the lower entrance, strike N 42° E, dipping 63° SE. Higher up, the 
beds strike north-northeast, dipping 35° E, and cleavage dips 75° E-SE. Here, the 
rocks are intensely stretched; linear tracts of sericite and quartz pitch east, down 
the dip of the planes. Higher up, however, the linear parallelism fades out; strike 
and dip of the limbs of folds vary; cleavage dips vertically, or 85° E. The axes 
trend northeast, pitching in this direction between 15° and 25°. 

North of this locality, the phyllite, which carries small metacrysts of biotite, dips 
at intermediate angles southeast or east; fracture cleavage dips about 80° E. Along 
the northern rim of the valley, however, the beds lie subhorizontal, with local 
overturn to the west. 


Where the valley joins the Poughquag spur, northeast of Poughquag, the 
contact is probably a thrust fault, along which the pelite has been moved 
westward, possibly as much as 2 miles over the limestone (p. 748). But 
314 miles north-northeast of Poughquag, the contact is exposed, dipping 
60° SE. There is evidence that the throw along the contact dies out 
about 3 miles north of the Poughquag spur, and that the northern portion 
is not noticeably deformed by a fault (p. 748). 
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Ficure 1. IsocLinaL FOLD OF PoUGHQUAG QUARTZITE 
Overturned to the southwest (right). Axis pitches 10° SE. Clove quadrangle, three-quarters of a 
mile north-northeast of the north end of Ellis Pond. 


Figure 2. Pre-CAMBRIAN MIXED GNEISS 
Showing folds in a thrust fault zone with axes parallel to thrust movement. Axes and linear paral- 
lelism on foliation planes (best shown on narrow, overhanging surfaces) pitch at 35° off to the right 
(east). Seven-eighths of a mile east-northeast of Towners. 
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One mile southwest of Pleasant Ridge settlement (Clove quadrangle), hill 1200 
sends out a spur to the south. On its southwest slope, near the 800-foot contour 
line, limestone strikes N 72° E, dipping 30° NW. Twenty feet east, phyllite dips 
30° NE. A little farther northwest, the dip is 5° to 10° E. Just north of the 
spring of the southwest-flowing brook, shown on the quadrangle map, the dip 
steepens, averaging 50 degrees. The principal reason why this section of the contact 
is regarded as a thrust, will be discussed on page 748, as it is based on the “thrust 
structure” of the argillite, and not on the trend of the contact. 

Limestone and phyllite are in visible contact at the old wagon road from Pleasant 
Ridge to Crouses Store, where it crosses the 600-foot contour line. The limestone 
strikes N 30° E, dipping 50° to 60° SE, under the phyllite. Bedding and fracture 
cleavage are distinguishable in the phyllite. Linear parallelism, pitching southeast, 
is well developed. 

Nowhere else are the two formations in direct contact; farther north, limestone 
dips at low angles east at the little hill 560, two-thirds of a mile southeast of Clove 
Spring (property of Judge John E. Mack). In the nursery east of it, black phyllitic 
schist strikes N 7° E, dips 35° E. In several ledges farther north along the base 
of the argillite, the dip varies between 30° and 70°. Fracture cleavage dips usually 
60° E, although at the old wagon road, half a mile east of Clove Spring, cleavage 
stands perpendicular in places. At hill 880, half a mile west of Chestnut Ridge 
settlement, the strike of the beds varies, owing to northeast-pitching axes of folds. 
The dip decreases steadily until the beds swing around the northeast border of the 
valley in a distinct bend; here, the dip is northeast at 20°, or less. 

The cleavage planes in the phyllite west of the valley dip at high angles, 
although the beds, if considered as a whole, despite the crumpling, lie flat. 
If the phyllite represents a thrust sheet, overlying the limestone along 
a flat sole, it is highly probable that the fracture cleavage planes also 
dip at low angles. If the fracture cleavage developed after the rocks had 
been conveyed to their present sites by a low-angle thrust, one is forced 
to assume that movement of at least 10 miles did not produce any fracture 
cleavage or other recognizable deformation in a formation mechanically 
so weak as the pelite, but that a relatively slight subsequent compression 
was strong enough to impose the structure on the rocks. Moreover, where 
thrusting has occurred, it can be recognized by apparently reliable “thrust 
structure” (p. 737). If it be assumed that the contact is a thrust, it must 
have been subsequently faulted and bent into a position inclined at least 
60 degrees, as previously stated. One would have to assume that, although 
much smaller thrust faults have left unmistakable traces in the pelite 
(p. 744), this largest thrust has placed the rock over the limestone without 
any comparable disturbing effect, and that the overthrust rocks, although 
originally deposited a long distance away, happen to consist of a series of 
rocks that share practically all features with those argillaceous rocks that 
are known to overlie stratigraphically the limestone series a few miles west. 

The rock on both sides of the valley, as shown on the geological map 
of the United States, is tentatively assigned to the pre-Cambrian, in 
contrast to the argillite a few miles west of Clove Valley; the valley lime- 
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stone is shown as a member of the Paleozoic. The writers did not find 
the slightest evidence for a break in the sedimentary succession in the 
argillaceous series west of the valley. Indeed, the only possible reason 
for assuming pre-Cambrian age would be the beginning metamorphism 
in the form of small biotite porphyroblasts. That this is a normal pro- 
gressive metamorphism of the Paleozoic phyllite will be discussed in 
detail by Barth. The writers’ interpretation is that the valley repre- 
sents an anticline of limestone, locally faulted or upthrust along the west- 
ern border, and itself overridden by the pelite at its southeast end, where 
it joins the Highland spur. The axis of this anticline pitches north- 
northeast, as does the gneiss of the Highlands. 


Harlem Valley—On the south, this belt of marble ends along a com- 
plex fault system that borders the northern termination of the Hudson 
Highlands (p. 750). The entire western border, and the eastern border 
up to Webatuck, are determined by scarps of schist. Farther north, the 
Housatonic gneiss block, with its fringe of quartzite, borders the limestone 
valley on the east. The contacts are of different character at different 
localities. Most of them have developed from folds, overturned to the 
west; others show normal superposition of the schist on the marble; still 
others are thrust faults. As a whole, the marble may be regarded as 
an anticlinal structure up to the latitude of Webatuck. Farther north, 
one might consider it the normal outcrop of a formation that dips west- 
ward, off the gneiss block of the Housatonic Highlands. 


The southern sections, northwest of Towners and Patterson, are complicated. 
With approach to the schist border, the isoclinal folds of the marble carry inter- 
stratified beds of pelite, torn into numerous detached masses (Pl. 10). The over- 
turned limbs dip southeast at moderate angles, and, as the proportion of schist 
increases, the land surface rises to the level of the schist ridge. That this is the 
character of the contact in this section is proven by numerous marble tracts along 
the axes of anticlines within the schist. One of them crops out along the brook, 
and south of the swamp (now a pond), east and southeast of hill 1108, 24% miles 
northwest of Towners (Carmel quadrangle); others crop out on the east slope of 
hill 1020, one mile southwest of West Patterson (Clove quadrangle); at least three 
such tracts crop out on the southeast half of hill 1080, one mile east of Holmes 
(Clove quadrangle). There is not the slightest doubt that both formations here are 
isoclinally folded into each other. Farther north, along the north-south road leading 
toward Mount Tom, the same folded relation can be seen in road-cuts and in ledges 
west and east of the road (PI. 10). Contacts of schist, dipping east beneath marble, 
are common in folds overturned to the west. Where exposures extend farther west, 
the limestone reappears, if the core of the next anticline has been raised high enough. 

An instructive section is west of Pawling. Here the schist projects eastward for 
about a mile, building up Mount Tom; the schist-marble contact is closely folded 
and crops out repeatedly. On the east side of Mount Tom the schist rests on marble; 
the contact dips west or northwest at angles between 45° and 80°. Both rocks are 
isoclinally folded; the axes of the folds trend southeast-northwest, with local varia- 
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tions. On the southeast, too, marble dips under the mountain, but glacial deposits 
conceal details of the contact. Farther west, the phyllitic schist continues as a 
relatively flat sheet, constituting the higher portions of the mountain. The schist 
crops out in a few places westward to hill 880, just east of the main schist ridge. 
At the south end of this hill, the schist is in contact with marble; both rocks are 
intensely folded, with vertical limbs in places. The axes of the marble folds pitch 
between 90° and 50° SW. A hundred feet northwest, the directions are reversed, the 
schist dips southeast, and in the narrow depression west of the hill, marble comes 
to the surface, dipping eastward under the schist. Almost 200 feet west, at the 
base of the main range, schist dips west at various angles. Higher up the ridge, 
the crumpled beds are almost vertical, and low-angle shear planes, with minute 
displacements, are common. East of Little Pond (Clove quadrangle) the dip is 
prevailingly to the east. 

Northwest of Pawling, the schist-marble contact is fairly straight and, although 
rarely exposed, appears to dip eastward, under the limestone. At two localities, 
however, the relation is reversed, showing marble under the schist. Without doubt, 
schist ig everywhere stratigraphically higher, but is brought into the anomalous 
position by the westerly overturned folds. The structure of the contact is best 
seen in the two branch ridges that extend from the main ridge eastward. The one 
is a mile west of Green Mountain Lake (Clove quadrangle); the other, a mile 
south-southwest of Dover Furnace. The schist in the first ridge consists of tight 
isoclinal folds pitching gently south. On the east slope, the limbs are extremely 
contorted; horizontal, vertical, and intermediate dips occur within short distances 
(Fig. 24a-f), but the strike is north-south. On the western slope, however, the 
beds dip east at about 25 degrees, and at the southwest base of the hill the schist 
rests on marble. The contact dips 40° E. As this detached ridge represents a com- 
pressed syncline of schist, underlain by marble, and as this schist ridge merges into 
the main ridge on the north, without any suggestion of a fault (the critical zone is 
well exposed), the main mass of schist is considered to be continuous with the 
detached mass and, therefore, also stratigraphically above the marble. 

The second detached ridge (one mile south-southwest of Dover Furnace) extends 
for a mile in a north-south direction, and lies a quarter of a mile east of the main 
ridge. The isoclinal folds in the schist pitch at low angles to the south; the limbs 
dip steeply east, owing to the general overturn to the west. The east-west-trending 
northern front of the ridge thus represents the outcrops of continuous, but corrugated 
schist layers. If it rests on limestone, the contact should be found at the northern 
base. The cover of glacial till prevented the finding of a single outcrop on the 
lower slope, despite careful study. But at the extreme northeast end of the hills, 
3 feet higher than the level of the valley floor, the marble contact shows. Here, 
the schist rests on marble; the boundary strikes N 57° W, dipping 43° SW. The 
detached ridge probably represents a syncline, in the core of which the argillite 
has remained protected from erosion. These detached units would probably have 
been separated from the main mass of the argillite if the flowage of the underlying 
marble had proceeded. The incipient separation of this “roll” of schist from the 
main mass is suggested by marble outcrops at the lowest point in the east-west- 
trending ridge that connects it with the main schist ridge. 

The main schist ridge itself is scarred by a deep and narrow gorge, at the southern 
end of which is the abandoned limonite pit from which the ore for the Dover furnace 
was derived. Unfortunately, the pit walls have slumped and debris is so heavy that 
nothing definite can be said about the ledge rock, but it is highly probable that 
limestone is not far below. All the limonite ore bodies in Dutchess County (one, 
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Ficure 24.—Folds and fracture cleavage 


Types along the schist escarpment west of Harlem Valley, Clove quadrangle. All surfaces are 
vertical. Limbs of folds, and fracture cleavage (in a, d, and h), vary in dip from horizontal to ver- 
tical within short distances. In places (a and h), fracture cleavage dips west, both in the schist and 
in the immediately adjacent marble (h). Locations, as follows: (a) near top 1060, 1% mile south- 
west of Corbin Hill; (b) east slope of hill 880, 3 miles southwest of Wingdale; (c-f) south foot, spur 
840, a mile west-northwest of Corbin Hill; (g) Southeast slope of hill 1060, 1% mile southwest of 
Corbin Hill; (h) top of hill 540, 24% miles southwest of Wingdale. 
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1% miles northwest of Pawling; the pit of Amenia; the one at Sylvan Lake, Clove 
quadrangle; and one, southeast of Clove Mountain) have been found along the 
boundary between the argillite and the limestone. Probably, the pit lies at the top 
of an anticline, and erosion has uncovered the limestone along the axis, thereby 
producing the long and deep north-south gorge. A mile and a half south-southwest 
of the pit, marble crops out in another anticline, between high cliffs of schist, at the 
bottom of the valley east of Dennis Hill. From there, the tract can be traced north 
for 5 miles. Other outcrops of marble are shown on Plates 1 and 20. 

The schist dips west, and seems to rest on marble, at the foot of the ridge, a 
quarter of a mile southwest of the east-west crossroad that runs from Wingdale to 
Pleasant Ridge. The contact is not exposed, but westward dip at angles between 
35° and 60° in both the marble and the schist suggests that the schist rests on the 
limestone. 

The schist-marble contact between Dover Furnace and Wassaic is probably a 
thrust fault, developed from the broken apex of an overturned anticline. (The 
criteria are presented on page 748. The schist here is traversed by many shear 
zones (older than the recrystallization), dipping southeast or east. Many quartz 
veins add to the complexity. Even here, however, limestone crops out below the 
schist at two places. 

At the little spur 460 that projects to within a quarter of a mile southwest of 
Dover Plains, the schist dips at 43° E-NE. At the western base of the hill, it is 
underlain by marble in the same orientation. 

In the main ridge, three-quarters of a mile northwest of Dover Plains, a narrow 
tract of marble lies at an approximate altitude of 700 feet, about a third of a mile 
west of the east base of the ridge. The argillite west and east of it dips east at 
angles varying between 15° and 45°. This is evidently the axis of another anticline 
of marble, overturned to the west, comparable to those near West Patterson (p. 728). 

The stratigraphic relations between schist and marble are well exposed in the 
vicinity of Wassaic (Millbrook quadrangle). The detached ridge that here branches 
off to the northeast from the main ridge has already been referred to (p. 704). That 
the schist overlies the marble, and that the branching-off is the result of a pitching 
anticline of the marble is shown by contact exposures, as well as by the internal 
structure of the argillite. Marble underlies the schist on both sides of the Amenia- 
Wassaic Valley. On the west side, the contact shows at the northeast slope of 
hill 1160, 1% miles northwest of Wassaic, where the main schist ridge swerves to 
the northwest. The foliation in both rocks and the exposed contact dip southwest 
at angles between 25° and 50°. For a mile north, the schist of the main ridge dips 
west, but glacial drift conceals the actual contact with the limestone. On the east 
side of the valley, the contact is exposed at, and north of, the quarry, half a mile 
north of Wassaic. Here, the marble again underlies the schist, dipping 38° E. The 
axes of the folds, both in the marble and in the schist, pitch south or southeast 
at angles between 10° and 55°, and the marble, therefore, disappears farther south 
under the schist. The bend in the trend of the schist beds from east-west (in the 
main schist ridge) to north-south (at the point where the detached ridge starts) 
is clearly the expression of the plunging axis of the major anticline. The eastern 
border of the detached ridge, however, is regarded as a thrust fault, along which the 
marble east of the schist has been pushed west (p. 748). 

Glacial till conceals the eastern contact in the south, but the general dip of the 
limbs, both in the schist and in the limestone, is to the east. Southeast of Pawling, 
the marble projects farther east, underlying the semicircular valley south of Purgatory 
Hill. This is regarded as an erosion valley of a dome, or perhaps an anticlinal axis 


i 
if 
A 
: 
| 
{ 
E 
i 
i 
j 
i 
it 
i 
i 
a 
a 
ae 
i 


732 ROBERT BALK—GEOLOGIC STRUCTURE OF SEDIMENTARY ROCKS 


in the limestone. The schist layers dip away from the limestone at low angles; 
west of Purgatory Hill, the contact between limestone and schist is exposed at 
hill 640, which is crowned by a mass of schist in which the axes of folds pitch 
10° N-NE. On the southwest, the limestone underlies the schist, and the axes of 
folds pitch in the same direction under the schist. The northeast pitch of the axes 
is seen everywhere in the schist as far as Mizzentop. At several points along the 
southeast border, the axes pitch east or southeast, also away from the limestone. 

Farther north, the contact is concealed, but, for two reasons, the contact is held 
to be the normal superposition of schist on marble: First, the marble underlies the 
schist along the northern escarpment of the mass, south of Webatuck (p. 719); 
second, nowhere along the contact zone has the thrust structure, so characteristic 
along thrust faults in the entire area, been seen (p. 737). 

William M. Agar informs the writer that he regards the schist and limestone in 
Cornwall quadrangle also as in normal stratigraphic position, not disturbed by 
any major fault. 


The contention that the Harlem Valley is an anticlinal belt, locally 
upthrust to the west, is supported by the appearance of two thrust blocks 
(p. 697) of pre-Cambrian gneiss along the axis of the valley. The south- 
ern one (p. 697 and 763; Pls. 20, 21) is so small (600 by 300 feet) that it 
seems incredible that it could have been pushed into the limestone as an 
isolated plug, and far more probable that between the Patterson and the 
Corbin Hill blocks a larger gneiss mass lies hidden, the upthrust of which 
has raised the limestone belt. Whether or not a similar gneiss block 
has caused the limestone anticline north of Wassaic is not known. 


DEFORMATION OF THE QUARTZITE 
The deformation of the quartzite is of special interest for two rea- 
sons: (1) It shows the deformation of an exceedingly strong rock, in the 
same areas where two relatively weak formations have been deformed, 
so that the reactions of different material to identical stresses can be 
compared over a large area, where the intensity of deformation has 
varied from place to place. (2) The deformation of the quartzite shows 
how an originally unconformable contact between the Paleozoic strata 
and the pre-Cambrian gneisses has been deformed into a pseudocon- 
formable one, a contrast which has figured prominently in the argu- 
ments against the correlation of the metamorphic rocks with the Cambro- 
Ordovician sequence northwest of the Highlands.*® 
The deformation of this rock was caused almost entirely by the thrust- 
ing of the pre-Cambrian gneiss blocks toward the west. An evolution of 
structures is recorded as follows: Eastward-dipping thrust faults sepa- 
rate the quartzite into a westerly portion on the side of the foot-wall, and 
an easterly portion that rides westward and upward with the thrust 
block. The easterly block does not suffer appreciable deformation ex- 


®C. P. Berkey and M. Rice: Geology of the West Point quadrangle, New York, N. Y. State Mus., 
Bull. 225-226 (1921) p. 133-137. 
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cept that, as a rule, the gneiss mass itself has been faulted on a small 
scale, causing slight buckling and warping of the quartzite. At a few 
places, feeble fracture cleavage is superposed on the beds; the cleavage 
planes lie subhorizontal, crossing 
the quartzite beds at acute angles, |W € 
and may affect some 4 to 5 feet of 
the underlying gneiss also. The 
quartzite in the western block, 
however, is intensely deformed. 
If several thrust faults developed 
at short intervals, all except the 
easternmost portion of the dis- 
turbed quartzite (on top of the 
overriding gneiss block) have 
been deformed. 

Where the movement was slight, 
the quartzite has been asymmet- 
rically folded with steep western 
limbs; where the fault dips gently, the fold is overturned to the west 
(Figs. 25-27). If the throw was sufficient, the quartzite has been sheared 
through. The beds of quartzite dip west, vertically, or east in over-- 
turned position, depending on the 
attitude and throw of the thrust 
fault. The three different positions 
of the quartzite are found along 
the strike of single faults. Where 
the beds are sheared through, they 
are crossed by eastward-dipping 
fracture cleavage with, or with- 
out, megascopic displacements 
(Pl. 9, fig. 2). Overturned, east- 
ward-dipping beds reveal, in al- 

: ' most every place, isoclinal folds 
Fiaure 26—Overturned fold in Poughquag (Pl. 11, fig. 2; Pl. 12, fig. 1; Figs. 


planes and frae- 20» 26). The axes of these folds 
ture cleavage. Hill 620, a mile northwest of Ellis trend north-south, in_ special 
a cases northeast-southwest, or even 
east-northeast—west-southwest. Cleavage planes are so closely spaced 
that they obscure the original beds. In most places, the rock has 
been recrystallized along the fracture cleavage planes, where it is impos- 


sible to recognize megascopically the original beds. Although the frac- 


Showing incipient obliteration of original beds by 
fracture cleavage. One mile east of Poughquag. 
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ture cleavage strikes and dips parallel to the thrust faults (also parallel 
to the dip of the axial planes of the isoclinal folds), recrystallized sec- 
tions along faults merely show sheets of quartzite striking and dipping 
parallel to the gneiss border, strikingly resembling an unfolded rock, 
which has been merely tilted into its present position. A single exposure 


E 


Ficure 27—Deformation of quartzite along 
western border of the Housatonic gneiss 
block 


Five structure sections between the latitude of 
South Amenia and a point southeast of Dover 
Plains. (A) Low-angle thrust at south slope of 
hill 1098, 1% mile southeast of South Amenia; 
(B) unconformity at base of quartzite, at the crest 
of the gneiss ridge, a mile southwest of A; (C-E) 
sections farther south, approximateiy one mile 
apart, showing steepening of the unconformable 

tact, and incipient obliteration by sharp folds; 
(F) obliteration of unconformity, east of east-west 
bend in Tenmile River (Clove quadrangle). Com- 
pare Figures 3 and 28. 


of quartzite showing this struc- 
ture might be interpreted as con- 
formable to the gneiss, if no fur- 
ther effort were made to trace the 
development of the structure from 
isoclinal, overturned, and sheared 
folds, which have deformed this 
rock before it recrystallized (PI. 
13, fig. 1). Nor would such an 
interpretation account for the 
strong linear parallelism of seri- 
cite, tourmaline, quartz, and py- 
rite crystals on the shear planes 
(p. 742). In the vicinity of 
greater New York, there do not 
seem to be remnants of the origi- 
nal unconformity, and remnants 
of isoclina] folds are so rare that 
the relations between gneisses and 
quartzite are difficult to interpret. 

As an example of the develop- 
ment of structure here outlined, 
the quartzite belt along the west- 
ern and southern border of the 
Housatonic Highlands is described 
in detail. 

The gneiss ridge, forming the west- 
ern border of the block, is overlain 
unconformably by the quartzite (Fig. 
27, B) at the western slope and near 
the crest of spur 1060, 24% miles south- 


east of Wassaic (Millbrook quad- 
rangle). The beds with pebble layers 


lie horizontal; the underlying gneiss dips vertically. Half a mile south, a little 
west of the crest of the ridge, the quartzite beds dip westward until they stand 
vertical (Fig. 27, C-D). The faults that caused the tilting have locally spared the 
unconformity; in those places, the gneiss lies subhorizontal, and the quartzite dips 
at high angles. Farther south, the attitude of the quartzite differs from place to 
place, depending probably on the intensity of movement, and the dip of the nearest 


thrust fault. 
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Perhaps the most instructive exposures along the western border are those due 
east of the east-west bend of Tenmile River, 24% miles southeast of Dover Plains 
(Figs. 3, 27 F,. 28). Where first seen, as one approaches the ridge from the west, 
the quartzite dips steeply west, off the gneiss ridge. Some 300 feet east, the beds 
flatten out, resting horizontally on the gneiss, the foliation of which dips 60° E 
(Fig. 2). At this point, the unconformity is well exposed. Another 150 feet east, 
higher up the ridge, the quartzite is 
intensely folded. The axes trend north- 
northeast, pitching at an angle of 25 
degrees in this direction. The limbs 
dip at high angles west, but farther 
east they are broken into acute zigzag 
folds with eastward-dipping limbs (PI. 
11, fig. 2). About 1,000 feet east of the 
unconformity, the entire folded mass is 
overturned to the west, being overrid- 
den by the gneiss along a thrust fault 
that strikes north-south, and dips about 
50° E. North of this point, the quartz- 


ite is mostly overturned, but locally y 
dips vertically. The original beds are Ficure 28.—Cross-section through the 


western border of the Housatonic gneiss 
block 


recognizable at only a few places, be- 
ing obliterated almost completely by 


the recrystallized fracture cleavage and 
shear zones, 

South of the locality just described, 
the quartzite splits into three narrow, 
parallel tracts, each dipping east at 
angles between 35° and 65° (Pl. 1; Fig. 
28). For the most part, it is impos- 
sible to recognize the true nature of 
the “layers” of quartzite in these thin 
belts, but at three or four localities, 


Clove quadrangle, 1% mile west-southwest of 
Preston Hill. (Compare, Fig. 27F.) Quartzite has 
been sheared through by three thrust faults, dip- 
ing east at about 60°. Originally the quartzite had 
been deformed into three overturned synclines; 
subsequently, the shearing along fracture cleavage 
planes has obliterated the limbs of folds, the con- 
tacts (Pl. 13, fig. 1) are pseudo-conformable, the 
adjoining rocks are recrystallized. Figure 3 shows 
a remnant of the original unconformity as it 
would be found below the point “e” of the word 
“Quartzite.”” 


remnants of apices of isoclinal folds 

have survived, leaving no doubt that each of the three strips of recrystallized 
quartzite is the final stage of an overturned, isoclinally folded, sheared, and thrust- 
faulted syncline. The now-visible eastward-dipping “layers” are, for the most 
part, parallel to the thinned and rolled-out limbs of isoclinal folds, but may locally 
be sheets of quartzite bounded by fracture cleavage planes across the original layers 
of deposition. The contacts with the gneiss are exposed in many places (PI. 13, 
fig. 1). Both rocks are thoroughly recrystallized, and specimens can be cut across 
the boundary. At the thrust planes, the foliation in both the gneiss and the 
quartzite is parallel; although the foliation in the gneiss may show initial variation 
some 25 to 30 feet away, the quartzite retains its secondary structures usually for 
greater distances from the contact. 

The southern continuation of this contact zone shows many other examples of 
isoclinally folded, sheared, and recrystallized quartzite. A striking feature is the 
close association of extremely deformed with almost undeformed quartzite at the 
southern termination of the Housatonic Highlands. Those blocks that have moved 
with the thrusts, or have merely been tilted south (for instance, the quartzite at 
hill 800, south of Schaghticoke Mountain; the wedge west of this mountain; or at 
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hill 600, west of Ellis Pond), show primary sedimentary structures, such as cross- 
bedding and pebble layers, without cleavage or folds; but a few hundred feet away, 
where thrust faults have penetrated the rock, the intense isoclinal folding and 
recrystallization, along shear planes have obliterated the original structure. 


The severe isoclinal folding and the obliteration of the original uncon- 
formity by fracture cleavage and shear zones can be seen, also, along 
the northeast flank of the Poughquag spur, in the cliffs one mile east of 
Poughquag. Here, the axes of the isoclinal folds trend northeast-south- 
west; the folds are overturned to the northwest. The same type of de- 
formation has affected the quartzite strip northeast of Whaley Pond (Fig. 
33; Pl. 21, sect. 7), and, on a smaller scale, it is shown at the Towners 
overthrust (p. 749). 

In view of the brittleness of the quartzite, it is not surprising that the 
border faults have cut out the quartzite over long distances. The gneiss 
borders retain only an incomplete fringe of the basal Paleozoic sedi- 
ment, and, where the quartzite has been sheared through, the gneiss 
is in contact with the marble. As already mentioned (p. 724), this rock 
exhibits the same pseudo-conformable contact relations to the gneiss. 
Where the gneiss has been uplifted higher, the marble, too, is left be- 
hind, and the gneiss comes into contact with the pelite. This is the 
case along the northwest border of the eastern gneiss spur, and locally 
west of Towners (PI. 17, fig. 2). 

DEFORMATION OF THE GNEISSES 


In mapping the Clove and Carmel quadrangles, the deformation of 
the pre-Cambrian gneiss has been examined in considerable detail. 

The gneisses have a structural pattern that began at the time of in- 
trusion of the pre-Cambrian gneissic granites, syenites and diorites, into 
the old Grenville sediments that were at that time injected and meta- 
morphosed. The plastic deformation at that time has resulted in a gen- 
eral pitch of axes of folded foliation planes, both in the injected sedi- 
mentary rocks and in the gneissic intrusives. In the Housatonic gneiss 
block, the pitch is southward, at least in the southern portion; whereas, 
in the Hudson Highlands, as far southwest as Franklin Furnace, New 
Jersey, and beyond, the pitch is fairly uniformly northeast or north. 
This arrangement of the linear structure elements, and the general east- 
erly dip of foliation planes, are unquestionably of pre-Cambrian age. 
Massive, undeformed granite and pegmatite dikes cross them, and the 
Poughquag quartzite unconformably overlies rocks with these structures. 
However, where thrust faults penetrate the gneiss, secondary structures 
have commonly developed along relatively narrow zones. The secondary 
schistosity planes (with or without secondary lineation) strike and dip 
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Figure 1. PsEUDOCONFORMABLE CONTACT BETWEEN POUGHQUAG QUARTZITE (FOREGROUND) AND 
PRE-CAMBRIAN GRANITE GNEISS 
Contact (at compass) is a thrust fault, dipping 60°E.; apparent layers really are sheared and de- 
formed remnants of isoclinal folds. All are thoroughly recrystallized. Looking northeast, 244 miles 
southeast of Dover Plains. 


Ficure 2. EASTWARD-DIPPING FOLIATION PLANE IN SCHISTOSE MARBLE 

Showing linear parallelism of mica, quartz, and pyrite, pitching east, parallel to handle of hammer. 
Linear tracts of minerals visible on foliation planes of all rocks in thrust zones; the lines coincide with i 
the direction of movement. Foliation planes shown in Plate 6, figure 2, display this linear structure. iq 
Looking west, 1°4 miles southeast of Dover Plains. 
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parallel to the faults; if the faults strike parallel to the older foliation 
of the gneiss, the characteristic east-west trend of the lineation is a reli- 
able means of recognizing the disturbed zones (p. 741). 


As yet, little information is available on the linear structure elements in the pre- 
Cambrian gneisses. The regional northeast pitch of this structure, in conjunction 
with northwest-striking cross joints that are exceedingly common in the Highlands, 
is of considerable morphological importance, in that gently northeast-dipping slopes, 
and northwest-southeast valleys, transverse to the trend of the gneiss barrier, are 
caused by them. This feature has been too little considered in studies on the 
transverse drainage in crystalline rocks of the Appalachians. 


THRUST FAULTS 
GENERAL STATEMENT 


Eastward- or southeastward-dipping thrust faults are prominent in 
the area. Those that are exposed, or traceable with a high degree of 
accuracy, are represented on Plate 1. As the determination of many of 
the thrust faults is difficult, the particular type of deformation found 
along all well-exposed thrust faults in this area will be described in some 
detail. On the basis of these observations, the existence of low-angle 
thrusts, with demonstrable long-distance movements, can be confidently 
denied, as far as the gap of Wingdale is concerned. 


DEFORMATION ALONG THRUST FAULTS 


General description—Throughout a zone, as much as 400 feet strati- 
graphically on both sides of a thrust fault, all rocks develop platy and 
linear structures that bear definite angular relations to the strike and 
dip of the thrust fault and to the direction of movement. Within this 
zone, the rocks are more or less intensely laminated parallel to the thrust 
fault. Within the lamination planes, rows of quartz, sericite, tourmaline, 
and other crystals, in strong linear parallelism pitch eastward (in some 
cases southeastward), coinciding closely with the direction of move- 
ment along the thrust fault, and also with the direction of dip of the 
lamination planes (Fig. 27; Pl. 12, fig. 2; Pl. 13, fig. 2; Pl. 14, fig. 2; Pl. 15, 
fig. 2). The rocks within the entire deformed zone are firmly recrystal- 
lized as far west as the rocks are anamorphosed. Farther west, the 
rocks are, in places, traversed by many quartz veins that enhance re- 
sistance to erosion, but, in general, the sheared rocks prove less resistant 
to erosion than the surrounding rocks and crumble into shallow de- 
pressions, filled with glacial deposits. 

Comparable structures are the slickensides on fault planes. Here, a film of 
crushed material is striated parallel to the last movement on the plane. The 


thick zone of crushed, laminated, and recrystallized rock along thrust faults would 
be the equivalent of the slickensided film. The orientation of mineral grains on 
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slickensides and their kinetic interpretation have been discussed by B. Sander” 
and H. W. Fairbairn™ The direction of the lineation is comparable to stream lines 
or to linear flow structures in dikes, insofar as the linear tracts of the minerals coincide 
with the direction of principal flow or propagation of the mass. 

The same thrust structure, with parallel linear elements pitching down the dip 
of the lamination planes, characterizes the tightly compressed synclines of Mesozoic 
and Paleozoic sediments in the vicinity of the Aar massif of the central Swiss 
Alps.” It is also the predominant structure along the Moine thrust of the Scottish 
Highlands, the coincidence of the linear structure with the thrusting movement 
having been emphasized by several workers.® 


As schistosity and lineation are imposed on a thick zone of rock, it 
seems that a thrust fault of this kind represents the movement of a 
crushed “paste” of rock particles, aggregating hundreds of feet in thick- 
ness. Throughout this zone, one can hardly define a single thrust 
fault, although separate branch faults occur along the outer margins 
(Pl. 3, fig. 2). Folds develop within the thrust fault zones, and the 
axes trend and pitch parallel to the lineation on the schistosity planes. 
As a rule, the folds are small corrugations of the pre-existing bedding or 
foliation planes, and are relatively subordinate features (Pl. 12, fig. 2), 
but at one locality (a third of a mile northeast of Whaley Pond), folds 
in quartzite attain several feet in length. 


Folds with axes parallel to the thrust movement occur along the Moine thrust in 
Scotland, as they do, also, along the Champlain thrust, as for instance, at Lone 
Rock Point, northwest of Burlington, Vermont. The black Ordovician shale, over- 
ridden by Lower Cambrian dolomite, is thrown into thousands of small contortions, 
the axes of which pitch east-southeast. This is the direction of the slickensides at 
the base of the Lower Cambrian dolomite Folds of the same orientation occur 
along thrusts of the Caledonian Mountains of northern Sweden.” The intense linea- 
tion of the mylonites parallel to the direction of the movement along these thrusts 
has recently been described by Martin,” who calls attention to the fact that the 


© B. Sander: Gefiigekunde der Gesteine (1930) p. 184, 226-231, 246. Vienna, J. Springer. 

© H. W. Fairbairn: Introduction to petrofabric analysis (1935) p. 68-69. Queen’s Univ., Kingston, 
Ont. 

3 Albert Heim: Untersuchungen iiber den Mechanismus der Gebirgsbildung, pt. 2 (1878) p. 63. Basel, 
B. Schwabe; Geologie der Schweiz, vol. 2, 1st half (1921) p. 82, 202. Leipzig, C. H. Tauschnitz. 

*3 H. H. Read, J. Phemister, G. Ross et al.: The geology of the Strath Oykell and Lower Loch Shin, 
Geol. Surv. Scotland, Mem. (1926) p. 20, 120-122. 

B. N. Peach, J. Horne et al.: The geology of Glenelg, Lochalsh, and the southeastern part of 
Skye, Geol. Surv. Scotland, Mem. (1910) p. 55. 

*B. N. Peach, J. Horne et al.: The geological structure of the Northwest Highlands of Scotland, 
Geol. Surv. Scotland, Mem. (1907) p. 601, 603; further references to thrust structure on p. 468, 471, 
489, 499. 

B. N. Peach and J. Horne: Chapters on the geology of Scotland (1930) p. 120, 150, 151, 174, 176. Ox- 
ford University Press, London. 

® The slickensided floor of the dolomite is well shown in: Guidebook 1, 16th Intern. Geol. Cong., 
U. 8. A. (1933) p. 59, plate 10. Description of the shale based on p. 70 of the gvidebook and on field 
observations. 

® H. Cloos: oral communication. 

J. P. Holmquist: Die Hochgebirgsbildungen am Tornetriisk in Lappland, Geol. Féren. Férh., 
vol. 32 (1910) p. 951, 979. 
 H. Martin: Uber Striemung, Transport und Gefiige, Geol. Rundschau, vol. 26 (1935) p. 103-108. 
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c-axes of the quartzes in the linear streaks form girdles normal to the direction 
of the streaks, a condition heretofore unknown and of far-reaching importance for 
petrofabric studies of these rocks. 

As far as the writers are aware, no theories explaining the orientation of the 
folds with axes parallel to the direction of movement have been published. The 
following hypothesis is suggested. The movements of individual rock masses within 
a thrust fault zone are not exactly parallel. In the thrust along the western border 
of the Housatonic Highlands, for example, the azimuth of the striae varies up to 
40 degrees; in the quartzite at the sole of the Towners thrust (p. 749), divergencies 
amount to 35 degrees within 200 feet. During the thrusting, therefore, the single 
blocks seem to have slid and sheared over each other, each block following slightly 
diverging directions. Under compression sufficient to crush all rocks into flat disks, 
the entire mass would react to any relief in the direction normal to the plane of 
movement. Relief in this direction could be afforded locally by the incipient move- 
ments of marginal blocks, as they were gradually drawn into the general stream; 
also, by irregularities in the floor due to variation in resistance of the local masses 
of stationary rock. To differential stresses of this kind, the foliated sheets of rock 
may have responded by local sagging and rising. This, combined with the diverging 
directions of local forward motion, may have caused the folds. Movements of this 
kind may have also produced the external (intergranular) rotation necessary for 
the development of girdles of crystal axes.” 


The “thrust structure” was imposed on rocks that already possessed 
foliation planes (gneisses), or were isoclinally folded and had an older 
linear parallelism (superjacent sedimentary series). These older struc- 
tures have been largely obliterated by thrust faults, either by bending 
the foliation planes or by shearing them through. Where older and 
later structures diverge in direction, the trend of thrust faults can be 
determined by measuring the variations from outcrop to outcrop. As 
the existence of certain thrusts in the Appalachian Mountains has been 
the subject of controversy in recent years,®® observations are given in 
detail, in the hope that the criteria here mentioned may be helpful in 
other regions. 


Deformation of the gneisses ——Where gneissic granites with faint fo- 
liation, or with only linear textures, are traversed by thrust faults, they 
become strongly foliated and lineated in the directions already described 
(Pl. 12, fig. 2; Pl. 14, fig. 2). Where gneisses are foliated in directions 
other than those of the thrust faults, flexures bend the older foliation 
into the thrust zone, and shear planes or fracture cleavage may cross the 
older structures. 


Among the examples of deformed gneisses is the granite gneiss of the Corbin Hill 
thrust block (Fig. 29; Pl. 21, sect. 5), a steep-walled, plate-like mass, the granite 


68 B. Sander: op. cit., p. 50-51. 
J. H. Mackin: The problem of the Martic overthrust and the age of the Glenarm series in south- 
eastern Pennsylvania, Jour. Geol., vol. 43 (1935) p. 356-380. 
B. L. Miller: Age of the schists of the South Valley Hills, Pennsylvania, Geol. Soc. Am., Bull., 
vol. 46 (1935) p. 715-756. 
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Clove Quadrangle,N. Y, 
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Ficure 29.—Structure map of the pre-Cambrian gneiss of Corbin Hill, Clove quadrangle 


Showing obliteration of original internal structures along the margins and along systems of 
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core of which was intruded (in pre-Cambrian time) from the north-northeast 
obliquely upward to the southwest. The original wall rocks—dark, fine-grained 
injected schists—are exposed at the northern and southwestern ends of the thrust 
block. The core of the intrusion is virtually massive, except for a faint linear flow 
structure pitching northeast between 20° and 40°. Along the borders of the intrusion, 
the flow lines are superposed on platy foliation. The flow lines are regarded as 
due to the original lengthening of the intruding mass. The wall rocks seem to have 
partaken in the linear elongation, for the axes of injected schist folds, as well as 
linear mineral streaks on foliation planes of the schist, share this direction. Locally, 
the foliation planes in the granite gneiss are folded, their axes pitching also northeast. 

The structures along the eastern border of the block are very different. The 
granite here is intensely schistose; the schistosity planes dip east between 45° and 
75°. They are the border planes of this thrust block, and the cataclastic deformation 
of the granite gneiss is evidently due to the crushing of its borders during thrusting. 
The schistosity planes are linearly streaked and, in sharp contrast with the northeast 
pitch of the older lines, the younger lineation pitches east, east-southeast, or south- 
east, almost at right angles to the older structure. The granite gneiss is also traversed 
by intensely schistose shear zones, up to 10 feet thick, which can be followed for 
considerable distances. The recyrstallized mineral plates of the shear zones are 
also streaked by lines that pitch east or southeast. Ledges with contrasting linear 
structures are as close as 15 feet. 

About 50 quartz veins wefe seen in the gneiss block, some of which are drawn 
in the inset of Figure 29. Regardless of the strike, dip, or width, these veins are 
crossed by sharp joints that dip uniformly northwest (with one exception), at angles 
normal to the lines of elongation on the shear zones and borders of the thrust block. 
These are regarded as tension joints, with reference to the direction of maximum 
lengthening, as recorded by the secondary lineation. Nevetheless, the quartz veins 
are hardly ever in contact with shear zones. It would seem, therefore, as if the entire 
thrust block had been fractured during the deformation; in the newly formed cracks, 
silica had been precipitated, which, upon consolidating, had been torn apart by con- 
tinued minute lengthening of the mass upward to the west-northwest. This hypothe- 
sis is supported by the occurrence of identically fractured quartz veins in other 
places (p. 754). 

The gneiss northwest of Holmes (Fig. 30) strikes east-west (partly outside the 
area mapped). With approach to a north-northwest-trending thrust fault, the folia- 
tion bends to the northeast, then to the north, and beyond, until it strikes parallel 
to the thrust. The dips of the foliation also change to conform with the easterly 
dip of the fault. Eastward-pitching linear tracts of minerals on foliation planes 
appear a mile west of the thrust fault. In the immediate vicinity of the fault, they 
grow very long and straight, and dominate the entire structure of the gneiss. Here, 
too, the rock is traversed by quartz veins and joints, striking north-northeast; a 
number of them dip west. 

The gneiss at the brook half a mile northeast of the north end of Ellis Pond (Clove 
quadrangle), near a subsidiary thrust fault at the southern termination of the Housa- 
tonic Highlands, shows schistosity planes parallel to the fault, crossing the older 
foliation. 


Deformation of the quartzite—As it is an exceptionally strong rock, 
the quartzite has preserved more remnants of its older structures than 
has the limestone. Old and new structures can be observed within short 
distances. 
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The deformation of the quartzite along the western border of the Housatonic gneiss 
block has already been described (p. 734). In this connection, it may be emphasized 
that the quartzite displays linear parallelism in two directions, depending on the 
distance from the gneiss border. The older direction, trending north-south, or north- 
northeast, runs parallel to the axes of the isoclinal, overturned folds (Figs. 31, 32); 
the second lineation, trending east-southeast or east, is connected with the move- 
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Ficure 30.—Flezure in the pre-Cambrian gneiss with proximity to thrust fault 

Schist brought in contact with gneiss. Linear parallelism pitches uniformly eastward; foliation 
planes bend from east-west through north-south to northwest-southeast, dipping eastward, parallel 
to the thrust fault. 


ment along the thrust. The first linear structure is that of a typical B-tectonite, 
in the sense of Sander;” the lines represent directions of yielding, facilitated by 
the rotation of grains around the axes of isoclinal folds, and trend perpendicular 
to the direction of maximum compression. The second linear direction, however, 
is parallel to the thrust movement, and has in many places obliterated the other. 

The axes of isoclinal folds in the quartzite northeast of Whaley Pond trend 
northeast-southwest, even north-south in places, and pitch northeast. The southeast- 
dipping limbs of the folds have been greatly sheared and squeezed; the lineation on 
the shear planes trends east-west. Secondary folds, with axes pitching east, are 
developed almost 900 feet east of the north end of the lake. 

The quartzite on the west slope of hill 740, half a mile northeast of Towners, has 
older axes trending north-northeast—south-southwest. Whether an older linear struc- 
ture, running parallel to these axes, still exists, could not be decided. The eastward- 
dipping limbs have been greatly reorganized by gently eastward-dipping schistosity 


7B. Sander: Gefiigekunde der Gesteine (1930) p. 58, 152. Vienna, J. Springer. 


* 
\ \y \ \ \ 
Holmes 
/ \\ 
fs True, North 


THRUST FAULTS 


Ficurp 31—Structures in front of thrust faults 

Layers folded and overturned somewhat to the west. Lineation on folded beds (short dashes) 
trends about north-south, and lies subhorizontal, parallel to axes of folds. Rock is a B-tectonite, 
according to Sander. Presumably, such structure develops where rotation of grains around the q 
direction of the axes is mechanically possible and affords easiest relief. 


SSW 


Ficure 32.—Secondary lineation parallel to the movement along thrust faults 


A rock (same structure as Figure 31) deformed by thrust fault, dipping east. Folded layers, 
shredded and displaced by shear zones, parallel to axial planes; secondary linear parallelism on shear 
planes, the lines pitching approximately down the dip—i.e., in the direction of thrusting. Secondary 
thrust structure may entirely obliterate the older structure. Linear parallelism in thrust zone is 
comparable to hydraulic flow lines, where local elongation of the particles coincides in direction with 
principal propagation of the whole mass. 
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planes near the overriding gneiss, and sericite, quartz, and tourmaline needles in 
strong linear parallelism pitch east-southeast, coinciding roughly with the dip of 
the planes (PI. 15). 


Deformation of the limestone.—The proximity of thrust faults can be 
predicted in the field by using the criteria already described; the reliabil- 
ity has been checked where thrusts are known to exist. A brief de- 
scription will be sufficient, as the chief points are the same as in the 
structure of the quartzite. 


In the Harlem Valley, southeast of Dover Plains, the axes of folds in the marble 
vary greatly in trend and pitch. Within half a mile from the gneiss border of the 
Housatonic block, this variability of structure yields to a monotonous uniformity 
of eastward-dipping foliation planes, on which the pitch of the linear parallelism 
is east, or east-southeast (PI. 6, fig. 2; Pl. 13, fig. 2). The origin of the eastward- 
dipping layers, from deformed and thinned limbs of isoclinal folds or from fracture 
cleavage across the original beds, was discussed on page 720. The Harlem Valley 
district also shows obliteration of an older lineation by a younger one. In the central 
portion of the belt, for instance, at numerous points along the crest of hill 520, south 
of Dover Plains, the trend of the older structure is north-northeast, parallel to the 
axes of isoclinal folds. 

At the thrust northeast of Towners (PI. 16, fig. 1), the schistosity planes of the 
limestone dip 40° E. On them, linear streaks of quartz, mica, and pyrite trend east- 
southeast. A quarter of a mile west, in the railroad-cut just north of Towners station, 
the foliation dips 30° N, and the linear structure pitches 23° NE. 

The assumption that parts of the western border of Harlem and Clove valleys are 
bounded by thrust faults is based on the fact that at a few points the adjacent lime- 
stone and argillite develop the characteristic structure. The fine-grained marble, at 
the prominent cliff at the extreme western end of hill 520,'a mile south of Dover 
Plains, is highly schistose, and, on the eastward-dipping planes, distinct alignments 
of mica, quartz, and pyrite pitch 45° E. Less than a quarter of a mile east, the linear 
structure trends north-northeast. 

At the western border of Clove Valley, limestone is exposed in an old limonite 
mine at the west foot of drumlin 620, half a mile west of Clove. Cleavage and shear 
zones dip 35° E, and striations on them pitch in the same direction. Southward 
along the border, this structure is absent. 


In the portion of southeastern New York that lies southeast of the 
Highland gneiss block, the marble belts are so narrow, and have pre- 
sumably been exposed to such severe compression and high temperatures, 
that the deformation, here called “thrust structure”, has affected the 
entire mass so that discrepancies between marginal and interior struc- 
tures are rare. On the other hand, in a few districts the structure of 
the adjacent pre-Cambrian gneiss blocks differs from that of the marble 
belts. Publication of these observations is reserved for another paper. 


Deformation of the pelite—By means of measurements of the thrust 
structure, several thrust faults were traced in the phyllite west of Clove 
Valley. In the more highly metamorphic phases the thrusts were 
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Ficure 1. Cross Joints 
Fractures are perpendicular to the linear structure shown in figure 2. Looking north, at the Towners 
thrust, Carmel quadrangle. 


Ficure 2. THRUST STRUCTURE 
Shear planes dip east-northeast; lineation coincides with dip of the planes. Looking northeast, at the 
Towners thrust, Carmel quadrangle. 


THRUST STRUCTURE IN POUGHQUAG QUARTZITE 
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Ficure 1. ToOwNERS OVERTHRUST 
Pre-Cambrian gneiss in upper part of cliff to the right (east); Cambrian Poughquag quartzite at the 
foot. Cambro-Ordovician Wappinger limestone in the depression and in the cliff to the left. All 
rocks dip east, under the gneiss. (See Plate 7, figure 2.) 


Ficure 2. FoL_pep THRUST 
Between Cambrian Poughquag quartzite (white, compact layers in core of the fold) and pre-Cam- 
brian mixed gneiss; foot rule (foreshortened, below root of tree) at contact. Looking north, south 
slope of hill 1098, 144 miles southeast of South Amenia. 


OVERTHRUST AND_THRUST 
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checked with considerable accuracy, because, in sections where thrust 
faults are exposed the pelite develops characteristic structure, which is 
absent beyond the exposed thrust blocks. 


One end of the longest thrust fault west of Clove Valley is at a point north of 
Sylvan Lake (Clove quadrangle), where two or three smaller ones seem to unite into 
one. From here, a narrow belt of phyllite, with well-developed thrust structure, can 
be followed northward for 18 miles to the vicinity of Smithfield (Millbrook quad- 
rangle). Lineation on the eastward-dipping schistosity planes trends east-west or 
east-southeast, locally southeast-northwest. This orientation is almost at right angles 
to the corresponding structures in the phyllite to the west and east. Exposures are 
small and are separated by extensive drift areas; the existence of the thrust fault was 
realized only after the various measurements had been plotted. Half a mile north of 
Sylvan Lake, and a quarter of a mile south-southwest of Verbank, lenses of limestone 
lie along the fault. They, too, are intensely schistose and lineated. Dips along the 
thrust vary between 20° and 70°; the average is near 45°. 

A second zone lies about a mile west of that just described. Outcrops with thrust 
structure in the phyllite are along the depression from Billings (Poughkeepsie quad- 
rangle) to Moores Mill, and beyond. The exact northern and southern continuation 
has not been studied. 

The phyllite on the north slopes of Clove Mountain develops thrust structure near 
the border of the valley (there are good exposures in the bed of the brook that drains 
the mountain). It is assumed that, here, the limestone has been thrust over the 
phyllite. Dips and pitch angles vary between 35° and 60° to the east. The structure 
is absent farther north and south. Another thrust, exposed on the west slope of hill 
1000, 144 miles north of Clove Mountain, may be associated with this one. A few 
lenses of impure, extremely deformed, finely crystalline limestone crop out within the 
phyllite. The zone may extend for half a mile northward, but apparently dies out 
farther south. 

Another small fault that seems to be connected with the west border of Clove 
Valley, is a mile west of Clove Valley settlement (“Clove Valley” on Clove quad- 
rangle), where a valley enters from the northwest. Shear planes in the phyllite dip 
east, with lineation pitching also east. In the southeastern continuation of the zone, 
the limestone seems to have been thrust against the phyllite (p. 726), but north- 
westward the zone is lost half a mile from Clove Valley. 

Half a mile southeast of Hunns Lake (Millbrook quadrangle), a sheared zone is 
exposed in which the cleavage planes are vigorously striated east and west. The 
surrounding phyllite lacks this structure, and schistose limestone crops out within 
the zone. This is regarded as the southwestern extension of the Shekomeko Valley 
limestone belt, and although no data have been gathered, it is surmised that the 
western border of this limestone tract may also be upthrust to the west. 

The valley of Stissing and Stanfordville (Millbrook quadrangle), southeast of 
Stissing Mountain, seems to be bounded, at least locally, by an upthrust on the east. 
At any rate, the slate is badly sheared in places, and lineation pitches 70° E. About 
1200 feet south of Stissing village, a lens of schistose limestone, 100 feet thick, crops 
out amid the slate. In view of its stratigraphic position and its relation to the 
Stissing Mountain uplift, this fault, however, may be a normal one. 


PROMINENT THRUST FAULTS 


Thrust fault east of the Poughquag spur.—Although general reference 
has already been made to thrust faults of the districts, a few of the more 
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prominent ones may be described separately, for they traverse various 
members of the sedimentary series, and are especially important for the 
structural geology of the gap of Wingdale. 

From a point, 24% miles west-northwest of Towners (Carmel quad- 
rangle) to a point east of Clove (“Clove” on Clove quadrangle), a thrust 
fault, 11 miles long, extends along the eastern border of the Highland 
spur, and probably some distance along the eastern border of the Clove 
Valley. Along this fault, the pelite in the schist phase is thrust onto 
the gneisses of the Highlands and, farther north, probably over the 
limestone of Clove Valley. The fault, exposed at several places, dips 
east at angles between 35° and 60°. At the south end, the thrust fault 
is lost in the normal faults that border the northern rim of the Hudson 
Highlands, and the schist ends in a tightly compressed, northward- 
pitching syncline at hill 780, 114 miles southwest of Towners (Pl. 17, 
fig. 2). The gneiss of the foot wall strikes, in general, parallel to the 
fault, but near Holmes (Clove quadrangle) the aberrant east-west strike, 
through a flexure, bends into parallelism with the fault (p. 741; Fig. 30). 
The thrust fault is particularly well exposed on the east shore of Whaley 
Pond (Fig. 33), where the schist overlies gneiss, quartzite, marble, and even 
a sliver of argillite infolded with the limestone (Fig. 33, block 1b). At 
this point, there must be at least two subsidiary thrust fault slivers, 
pushing quartzite over schist, and gneiss over the quartzite. The au- 
tochthonous quartzite on the east flank of the Highland spur is in contact 
with the schist for half a mile northeast of the lake, showing intense 
thrust structure (p. 742). About 600 feet south of the highway from 
Pawling to Poughquag, the quartzite is overridden, and schist overlies 
the gneissic granite. At the highway, the contact is exposed in a road 
metal quarry. It is a thoroughly recrystallized, intensely foliated zone; 
the rock boundary is difficult to determine within some four inches. The 
first impression of geologists (including the writer) who have seen this 
contact exposure, without having first seen all other members of the 
sedimentary series overridden by this thrust fault, is that the gneissic 
granite is intrusive into the schist." For another three miles northward, 
the gneiss is in contact with the schist, interrupted once by a small lens of 
limestone, squeezed into the thrust fault (south slope of hill 1020, 114 
miles northeast of Allen Mountain). 

At the point where the Highland gneiss ends, the schist-limestone con- 
tact swerves west-northwest for 2 miles. This bend is regarded as due 


1 E. B. Knopf: Some results of recent work in the southern Taconic area, Am. Jour. Sci., 5th ser., 
vol. 14 (1927) p. 442-443. The cataclastic structure of both the gneiss and the schist at the contact is 
recognized by Mrs. Knopf, but for “granite layers’’ in the schist the writers have diligently and unsuc- 
cessfully searched. Even feldspar-bearing quartz veins are none too common in the vicinity. 
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to a northwestward movement on the thrust. The schist would seem to 
have moved that much farther west here because the resistant gneiss 
barrier had sunk to greater depth. The bend in the contact might also 


Ficure 33.—Structure along thrust fault east of the Poughquag spur 


At Whaley Lake, Clove quadrangle. In block 1a, the Poughquag quartzite unconformably over- 
lies the pre-Cambrian gneiss. Section shown in the frontal face of block 1b is exposed on the east 
shore of the lake. A thrust fault must separate the eastern quartzite from the underlying marble, 
as well as the main schist mass from the wedge of gneiss, jammed between it and the quartzite. 
The marble that overlies the western (autochthonous) quartzite, is folded into a mass of schist in the 
railroad-cut at the lake shore. Both the limestone and the thrust wedge of gneiss disappear north- 
ward, so that the autochthonous quartzite is directly overlain by schist (block 2). North of the 
highway Pawling-Stonehouse, the quartzite is cut out also, and gneiss and schist are in contact 
(block 3). Symbols: (1) pre-Cambrian gneiss; (2) quartzite; (3) marble; (4) pelite. In block 1b, 
the eastern numbers ‘‘4’’ and “1” refer to thin wedges of the respective rocks that show above the 
base line. 


be interpreted as the erosional boundary of a flat-lying contact, sloping 
northward, were it not for the significant structure of the schist. 

Along the entire eleven-mile zone, the schist develops the thrust struc- 
ture described on page 737. The eastward-pitching linear structure is 
almost entirely limited to the vicinity of the fault, whereas the rock 
farther away shows great variety in the trend of its linear structure ele- 
ments (p. 702, 728. The gneiss close to the thrust fault shows the 
same eastward pitch. Along the thrust, the normal, northeastward pitch 
of the linear structural elements (p. 736) is entirely obliterated by def- 
ormation. (It is possible, however, that in some places the rock has 
been rotated into the more favorable position; in which case, the east- 
ward pitch would not, strictly speaking, be a new structure element, but, 
instead, the old one in a new direction.) 
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The contention that the schist has been thrust northwestward over the 
limestone at the Poughquag spur is based on the conspicuous thrust 
structure in this section of the rock (Pl. 20). In sharp contrast to the 
southerly pitch in the main schist ridge east of the thrust fault, the linear 
elements (both mineral streaks and axes of contortions) pitch uniformly 
southeast here. Just north of the northernmost gneiss outcrop, the pitch 
angles average 10°, but, within 2 miles, the pitch grows steeper, reach- 
ing 45° and 60° at the latitude of Clove settlement. Farther north, 
the linear structure disappears entirely. From this, it is inferred that 
the thrust fault lies fairly flat just north of Poughquag; that it steepens 
farther north; and that the thrust fades out entirely farther north. 
Thus, just north of Poughquag, the maximum throw might be as much 
as 2 miles. The throw would be less if a flaw is assumed to pass north 
of Poughquag (p. 752). 


Local thrust on west side of Harlem Valley.—No evidence of thrust- 
ing was found in the southern section (p. 728), but, between Dover 
Furnace and Wassaic, and on the east side of the schist outlier northeast 
of Wassaic (p. 731) the contact seems to be thrust-faulted. Probably 
the thrust was caused by rupturing in the axis of the general anticlinal 
structure of the limestone belt; this, in turn, may have been caused 
by an underlying gneiss thrust block, comparable to that of Corbin 
Hill, but not yet exposed. The principal evidence for a thrust fault 
is the well-developed, southeast-pitching linear parallelism in the schist 
where it is in contact with the marble (Pl. 20). The few exposures 
in the limestone near the border show the same structure (p. 744). The 
thrust structure obliterates older axes of folds and older linear northeast- 
southwest parallelism (for instance, at Chestnut Ridge, 1 to 2 miles 
south-southwest of Dover Plains; also a mile northwest of Dover Plains). 

If a line is drawn from the southernmost ledges that show thrust 
structure (northwest of Dover Furnace), to the east-southeast—i. e., 
parallel with the trend of the lineation—it strikes the exact southern 
termination of the Housatonic gneiss block. This is regarded as cor- 
roborative evidence that the thrust structure is genetically related to the 
deformation of the sedimentary rocks due to the upthrust of the gneiss 
blocks. The upthrust may have been transmitted through another thrust 
block, below the present erosion level, but the fact, that the belt of thrust 
structure and the Housatonic Highlands are coextensive, is, in all prob- 
ability, significant. The structure of the zone has not been followed 
northward beyond Amenia Union. To judge from the average pitch 
angles, the thrust fault dips about 50 degrees. 


Corbin Hill-Patterson thrust fault—The Corbin Hill-Patterson thrust 
fault has already been mentioned (p. 741). The conspicuous thrust 
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Figure 1. VERTICAL, PIPE-LIKE PEGMATITES IN MARBLE 
Strong vertical lineation of pegmatite walls indicates direction of movement. Hammer stands on 
marble. Mill Plain, Carmel quadrangle. 


Ficure 2. CONTACT BETWEEN PRE-CAMBRIAN GRANITE GNEISS (RIGHT) AND Hupson RIVER SCHIS- 
TOSE GNEISS 
Schist is injected by quartz veins and pegmatites. Both formations are so intensely deformed that the 
exact contact can be placed only within several feet. Looking east, south slope of hill 780, 134 miles 
southwest of Towners. 
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Figure 1. PEGMATITE DIKE 
Cutting Hudson River schist, 24% miles southwest of Wingdale. 


Figure 2. IsOCLINALLY FOLDED QUARTZVEINS IN Hupson RIVER SCHIST 
Veins may represent recrystallized chert layers of argillite. 14% miles northwest of Patterson. 


DIKE AND VEINS 
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structure at Corbin Hill is evident in the gneiss and quartzite at the 
Patterson block. At Corbin Hill, the faults seem to dip at 60° E., but 
they stand almost vertical at the Patterson block (p. 697; Fig. 29; 
Pl. 21, sect. 5, 10). 


Towners thrust.—At hill 740, three-quarters of a mile northeast of 
Towners (Carmel quadrangle), a small thrust is well exposed (PI. 7, fig. 
2; Pl. 15; Pl. 16, fig. 1). The gneiss overlies, with conformable schis- 
tosity, a lens of isoclinally folded and intensely sheared, recrystallized 
quartzite. The contact itself, exposed in many places, dips at 25° to 
55° E-NE (PI. 7, fig. 2). The rocks are strongly lineated down the dip 
(Pl. 15, fig. 2); the grooves and ridges consist of tourmaline, quartz, and 
sericite locally joined by sporadic grains of microcline. Cross joints, 
perpendicular to the linear parallelism, dip 65° W (PI. 15, fig. 1). The 
quartzite is underlain by marble that shows the same structure. 

This thrust may turn southeastward, passing southwest of hill 740, 
where there is a small pit of limestone in a drift-covered depression; or 
it may continue south-southeast to the isolated marble outcrop a third 
of a mile south of hill 1020; it may be continuous with the fault just east 
of the limestone ledge, a mile south of Towners station. The strong 
lineation of the gneiss southeast of the thrust suggests that the fault con- 
tinues in that direction, but the exposures are too few to decide the 
point. Probably, the Towners thrust is related to the Patterson-Corbin 
Hill thrust fault. 


Housatonic Highland border faults—The belt of thrust faults on the 
west side of the mass has already been mentioned (p. 734). Toward the 
southern termination of the gneiss block, the individual thrusts die out. 
The gneiss is, in all probability, dissected by the several thrust faults 
that intersect the western border at various points. Hill 1098, a mile 
southeast of South Amenia (Millbrook quadrangle; Fig. 27, A Pl. 16, fig. 
2) seems to be the northernmost termination of a thrust that is marked 
by a long, north-south trending valley in the gneiss. This is evidently 
not connected with the one that borders the gneiss farther south in the 
Clove quadrangle (p. 734). 

The sedimentary formations that fringe the gneiss block at the south, 
are disturbed by several smaller faults (Pl. 1). They dip east between 
40° and 75°; some pass into vertical faults (for instance, the fault just 
west of hill 800, at the extreme southern end of the quartzite). Of spe- 
cial interest is a small thrust fault, 300 feet northeast of hill 800, south 
of Schaghticoke Mountain. This fault dips northwest, into the gneiss, 
causing intense schistosity in the quartzite in this direction, although the 
beds dip 67° SE, off the gneiss. Further study of the southeastern 
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border of the Housatonic gneiss block may reveal additional northwest- 
dipping thrust faults. 


Minor thrust faults—Smaller thrust faults, which have served as 
subsidiary or distributive thrusts, are locally observed. They are espe- 
cially noteworthy in the phyllitic phases of the argillite. Isolated sym- 
bols of eastward- or east-southeastward-pitching linear parallelism (Pl. 
20) refer to such small thrusts. 


NORMAL FAULTS 
GENERAL STATEMENT 


In this region, normal faults are more difficult to recognize than thrust 
faults, as stratigraphic breaks are usually due to folding or deforma- 
tion in the plastic state. Normal faults occur at the northern and south- 
ern terminations of the two principal gneiss blocks, and a long one, of 
general areal importance, lies south of the Hudson block. 


NORTHERN BORDER OF HUDSON HIGHLANDS 


The northern border of the Hudson Highland mass, from a point 2% miles west- 
northwest of Towners eastward to the eastern spur, is a series of normal faults, crossed 
at several points by thrust faults. In the vicinity of Towners, the faults dip north 
between 30° and 50°. Although the movements of the sedimentary rocks north of the 
faults have been complicated by folding and thrusting, the gneiss block has, never- 
theless, been raised with reference to the younger rocks. The fault zone is well 
exposed at the south slope of hill 780, 142 miles southwest of Towners (PI. 17, fig. 2). 
The gneiss at the contact is extremely contorted; the foliation planes are sheared by 
secondary fracture cleavage, crossed by pegmatites and quartz veins, and fragments 
of the schist seem to have been dragged into the crushed zone. All rocks are thor- 
oughly recrystallized. 

The fault is concealed elsewhere, but the dip can be inferred from the dip of the 
schistosity planes of the adjoining rocks. According to this criterion, the fauit dips 
northwest at high angles, or stands vertically, throughout the valley of Quaker Brook 
(Carmel, Clove, and New Milford quadrangles). The linear parallelism in the gneissic 
granite is vertical, or pitches north at high angles. Near the spur of Wanzer Hill, 
the pitch is to the northeast, in harmony with the general axial plunge of the block. 
The same linear element in the schist northwest of the fault is commonly perpen- 
dicular, especially in the amphibolite lenses that are intercalated with the schist 
(p. 757). There is no quartzite along this fault, but at one point a lens of marble 
lies between the gneiss and the schist (about 200 feet east of Quaker Brook, at the 
northern border of Carmel quadrangle, at an obsolete east-west road). The exposure 
is almost concealed now, but a few years ago the marble was blasted, and the blocks 
were used on a farm just north of the ledge. At this point, the valley widens, and 
the lens, to judge from the valley floor, may measure 1000 by 300 feet. 


SOUTHERN BORDER OF HOUSATONIC HIGHLANDS 


The quarizite of hill 800, at the southern end of the Housatonic gneiss block, is 
bordered at the north by two normal faults. The throw may amount to as much as 
100 feet; the gneiss has been raised with reference to the quartzite. The faults strike 
N 40° E and N 38° W, respectively, and seem to dip vertically. Within about 30 
feet next to the northeast-striking fault, the gneiss shows secondary schistosity parallel 
to the fault, but the older north-south strike of the foliation is rarely obliterated. 
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The quartzite is not at all deformed nearest the base. Cross-bedding and pebble 
layers are well preserved, and only in the higher horizons is eastward-dipping fracture 
cleavage seen. The quartzite blocks west of Schaghticoke Mountain may owe some 
of the irregularities in the contacts also to normal faults. A small, east-west, normal 
fault seems to terminate the quartzite block of hill 620, three-quarters of a mile north- 
west of Ellis Pond, on the north. Another, similar one, south of hill 1098, a mile 
southeast of South Amenia (Millbrook quadrangle), is perhaps the main factor in 
isolating this hill from the main mass of the gneiss. 


STISSING MOUNTAIN 


Two vertical faults of east-west strike are exposed southeast of Stissing Mountain 
(Pl. 1; Fig. 38). The northern one (at hill 660, a mile due west of Attlebury) separates 
gneiss and quartzite; the southern one (about a third of a mile south of the other), 
sets limestone against quartzite. In both, the older rock has been uplifted, and the 
faults are normal step faults with reference to the Stissing Mountain uplift. A similar 
fault probably borders the quartzite farther southwest, where it seems to be in direct 
contact with the slate; the limestone is either cut out entirely or is reduced to a 
narrow strip (1144 miles west of Stissing village). To the southwest, the quartzite 
lies flat, ending abruptly with a scarp along a north-south-trending swampy depres- 
sion, in which several large springs issue. A few limestone outcrops along the zone 
indicate a disturbed contact. Northward along the same zone, the supposed fault is 
replaced by a flexure that arches up the quartzite into an anticline with steep western 
limb. Not far north along the apex of the arch, the quartzite is broken by two or 
three normal faults, of steep westerly dip; they split the quartzite into three thin 
strips, separated by narrow gneiss blocks (Fig. 38, sect. 6) southeast of Miller Pond. 
They probably belong to the system of normal faults that border the gneiss on the 
west side, where it is in contact with the slate. 

HOUSATONIC HIGHLANDS 


A faulted zone, trending north-south, probably cuts the northern portion of the 
Housatonic Highlands along the valley of the Housatonic River, extending into the 
metamorphosed sedimentary rocks farther north.” 


FAULTS SOUTHEAST OF THE HUDSON HIGHLANDS 


From Peekskill on the Hudson, northeastward, at least to Danbury, Connecticut, 
there extends an important fault zone across the entire region. From Danbury, the 
zone may swerve northward, or split into several branches. This fault marks the 
southeastern termination of the large Hudson gneiss block, and, along this fault, large 
and regionally important intrusions have ascended (p. 757). The exact character of 
the fault is unknown; between Brewster and Croton Falls (Carmel quadrangle), 
where the fault is exposed, it dips northwest, under the gneiss block, and the Grenville 
marble and quartzite that crop out along its strike are crushed, a feature unusual in 
the faults farther north. 

Farther south, in the southern part of Carmel quadrangle, a remarkable system of 
semi-circular faults divides the pre-Cambrian gneisses and the metamorphic sedi- 
‘mentary rocks into narrow parallel belts. In the center of this fault system an almost 
circular mass of gneissic granite crops out, and preliminary investigations in the 
Poundridge Reservation (Carmel and Stamford quadrangles) suggest that the struc- 
ture may be related to this mass, even though its exact age relations to the meta- 
morphic complex are not yet clear.” 


72 W. M. Agar: oral communication. 
78 After completion of this manuscript, a short note by G. K. Bell, Jr. [Poundridge granite, Geol. 
Soc. Am., Pr. for 1935 (1936) in press] has appeared. He regards the granite as of about the same age 
as the Yonkers granite; in other words, younger than the definitely pre-Cambrian Fordham granite. 
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FLAWS 


Flaws—i. e., high-angle faults with subhorizontal movement—were 
sought in vain in the region. The nearest approach to a flaw is a hypo- 
thetic east-west fault, 114 miles north of Poughquag, and possibly the 
gneiss border just west of Towners, if it be assumed that the marble- 
schist belt north of it has been bodily moved westward, past the gneiss 
border, in addition to the overturned folding. No horizontal east-west 
striations on the gneiss, nor any other evidence for horizontal move- 
ments, have been found. 


IGNEOUS ROCKS IN THE SEDIMENTARY SERIES 
GENERAL STATEMENT 

The metamorphic rocks in the gap of Wingdale have certainly been 
injected by igneous rocks; Mather ™ and Fettke * also ascribed the meta- 
morphism of the rocks to the action of igneous material. The effect of 
the igneous rocks will be discussed by Barth; here, only short comments 
on the geology are given. 

PEGMATITES 

General description.—Plates 1 and 20 indicate the outcrops of pegma- 
tites, which are found westward from the gap of Wingdale to a quarter 
of a mile east of the Clove Valley limestone belt, penetrating both the 
argillite and the quartzite southwest of Allen Mountain. The rocks 
consist, in order of quantitative importance, of quartz, muscovite, biotite, 
black tourmaline, and oligoclase, and some potash feldspar. In the quart- 
zite, pegmatites are thin sheets along shear planes, the minerals com- 
monly elongated with the lineation of the enclosing rock, although 
there are massive dikes also, showing that the injection of the dikes over- 
laps with the deformation of the quartzite by thrusting. Most of the 
pegmatites in the argillite are structureless, cutting both the folded beds 
and the fracture cleavage (Fig. 8; Pl. 18, fig. 1). 


Pegmatites in limestone —Although numerous pegmatites are present in both the 
quartzite and the argillite, they are absent in the limestone northwest of Danbury. 
Even farther east and south, they remain rare.” Only two exceptions need be men- 
tioned. At the highway from Amenia to Sharon station (Millbrook quadrangle), 
214 miles northeast of Amenia, the marble is traversed by several greenish veins that 


7% W. W. Mather: Geology of New York. Part I, comprising the geology of the first geological dis- 
trict (1843) p. 438. Albany. 
7%C. R. Fettke: The Manhattan schist of southeastern New York State and its associated igneous 
rocks, N. Y. Acad. Sci., Ann., vol 23 (1914) p. 252. 
7%6W. M. Agar: Pegmatite minerals in the marble at Falls Village, Connecticut, Am. Jour. Sci., 5th 
ser., vol. 29 (1935) p. 56-57. 
C. R. Fettke: op. cit., p. 238. 
C. P. Berkey and M. Rice: Geology of the West Point quadrangle, New York, N. Y. State Mus., 
Bull. 225-226 (1921) p. 136. 
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carry potash feldspar, chlorite, and quartz. 
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The feldspar shows crystal terminations 


along the walls of small vugs. North of summit 500, half a mile northwest of Weba- 


tuck (Clove quadrangle), a thin vein 
of quartz and orthoclase cuts the lime- 
stone. South of the Hudson gneiss 
block, however, pegmatites attain con- 
siderable size (Pl. 17, fig. 1). Espe- 
cially large pegmatites cut the marble 
on the north shore of Mamanasco 
Lake (Carmel quadrangle). 


QUARTZ VEINS 


General description —The Hud- 
son River slate as far west as the 
shores of the Hudson, and the 
Poughquag quartzite in the entire 
area, are traversed by thousands 
of quartz veins. Many layers 
and grit lenses are so replete with 
quartz veins that the volume of 
introduced quartz exceeds that of 
the lens. The conditions illustrate 
well a principle elaborated by O. 
Andersen,” that a maximum of 
veins will form in those rocks that 
developed numerous fractures during 


Ficure 34—Quartz veins subparallel to 
fracture cleavage in phyllite 

Flat surface, 4 by 3 feet, east of top of hill 1120, 
a mile southeast of Chestnut Ridge settlement. 
Siliceous beds trend east-southeast—west-north- 
west; fracture cleavage dips 72° E-SE. Quarts 
veins oscillate between cleavage planes and con- 
necting fractures. 


the stage of vein formation, while the 


surrounding rocks were either in the plastic stage of deformation (pelite), 
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Ficure 35.—Shearing of crumpled phyllite 
parallel to axial plane, and quartz veins 
along shear planes 


Flat, glaciated surface, 2% by 3 feet, hill 820, 1% 
mile southeast of Chestnut Ridge settlement. 


or in viscous condition, if magmas. 

The veins differ in age. Pos- 
sibly, some of the oldest ones in 
the schist phases are recrystal- 
lized chert layers, isoclinally 
folded with the surrounding schist, 
or recrystallized “cleavage bands” 
(p. 712). Others are themselves 
slightly folded, although some of 
them cut the isoclinal folds of the 
schist (Fig. 9; Pl. 4, fig. 1; Pl. 18, 
fig. 2). A third generation follows 
fracture cleavage planes (Figs. 
34, 35), and even they may be 
bent or fractured. 


Quartz veins along thrust fault 
zones.—Several of the more im- 


77 OQ. Andersen: Discussions of certain phases of the genesis of pegmatites, Norsk geol. tidsskrift, vol. 


12 (1981) p. 48-51. 
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portant thrust faults are accompanied by quartz veins that differ from 
others in being unusually long and straight, and intensely foliated and 
streaked, just as are the surrounding rocks of thrust fault zones. South 
of the Hudson gneiss block, they are joined by fine-grained granite dikes 
and pegmatites (p. 755). 


Nine or ten quartz veins are in the east-facing scarp of schist, southwest of Dover 
Plains (PI. 14, fig. 1). They dip from 35° to 58° E, and the linear parallelism trends 
east-west or east-southeast, even in two veins that strike at different angles. Veins in 
the same orientation traverse the limestone at the opposite side of the supposed 
thrust fault; for instance, at the quarry on the highway, west foot of hill 520, three- 
quarters of a mile south of Dover Plains. Other localities are: West slope of Tenmile 
Hill, southeast of Webatuck (Clove quadrangle), where the veins are associated with 
pegmatites, and closely follow the strike and dip of recrystallized fracture cleavage 
in the schist; Hill 880, a mile west of Camby (Clove quadrangle), where veins in 
siliceous phyllite strike northeast-southwest, and linear streaks coincide with axes of 
small contortions, pitching 23° SE; Hill 820, north of Sylvan Lake (Clove quadrangle), 
where the veins strike across the limbs of folds in the phyllite, following eastward- 
dipping microthrust planes; a few steeply dipping veins are themselves thrust-faulted 
by shear planes that dip at lower angles. Many foliated and streaked quartz veins 
crop out along the southwest slope of hill 840, 114 miles southwest of Crouses Store 
(Clove quadrangle). They strike north-south, and the lineation trends east-west, 
pitching at angles of 45°, down the dip of the planes. A few of the veins are folded. 
The structure of these quartz veins is another indication that the limestone-argillite 
contact, a mile southeast, is a disturbance (p. 726). 

Some of the largest quartz masses in the region are also connected with thrust 
faults, although they have not been sheared. Two great “shoots” of quartz, at hill 
640, south of Verbank, and at hill 820, north of the same village, and a smaller one at 
south slope of hill 700, half a mile southeast of Verbank, are connected genetically 
with the long thrust fault discussed on page 745. 


Quartz veins on tension joints and cross joints—Some of the latest 
quartz veins have fixed the position of prominent fractures that opened 
during a late stage of the regional deformation. The strain by move- 
ments obliquely upward to the west or northwest has not only caused 
the development of the strong lineation along thrust faults in this di- 
rection, but has given rise to fracture systems, dipping west or north- 
west at angles between 35° and 85°, depending on the pitch angle 
of the linear structure to which these tension cracks are complementary. 
Hundreds of these fractures have been filled with quartz, and in several 
outcrops the linear structure of the country rock, with cross fractures 
and quartz veins, is well exposed (Pl. 11, fig. 1). Other quartz veins, 
of random strike and dip, are themselves crossed by westward- or north- 
westward-dipping joints that probably originated from the same stresses 
and were so well reproduced because the quartz veins had not been 
jointed before and because they are exceptionally brittle rocks. The 
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quartz veins that follow thrust faults are cross-jointed in regular man- 
ner, so that the veins commonly fall asunder as rectangular slabs, each 
bounded by the foliation planes and cross joints. 

In Chestnut Ridge, a mile southwest of Dover Plains, the linear parallelism in the 
schist pitches 30° SE. Cross joints with quartz veins strike N 58° E, dipping 90° to 
70° NW. At hill 640, south of Verbank village, phyllite shows linear parallelism, 
trending N 70° W, pitching 50° E-SE. Veins strike N 13° E, dip 60° W. At hill 780, 
1% miles northwest of Crouses Store (Clove quadrangle), linear parallelism in 
phyllite trends N 52° W, pitch 40° SE; quartz veins strike N 33° E, dip 60° NW. 

Tension cracks in the quartz veins that penetrate the Corbin Hill thrust block, 
have been mentioned (p. 741). The granite gneiss of hill 1300, half a mile north of 
Schaghticoke Mountain (Clove quadrangle), which has been thrust up to the west, 
contains numerous quartz veins, striking north-south, and dipping 87° to 30° E; others 
strike northeast-southwest. They are all traversed by sharp cracks that dip 55° to 
70° W or NW. At the east foot of Chestnut Ridge, about 14% miles southwest of 
Dover Plains, cross joints in eastward- or southeastward-dipping veins dip 67° to 


80° NW. 
THOMASTON GRANITE 


East of the gap of Wingdale, the schist is intruded or injected lit- 
par-lit by the Thomaston granite.”* Although it does not crop out 
within, or west of, the gap, the pegmatites in the eastern portion of 
the gap are probably genetically related to this siliceous granite. At 
any rate, the numerous pegmatites in association with this granite farther 
east and south, resemble those in the gap most closely in their minera- 
logical and textural features, as noted by Fettke,”* and confirmed 
by these studies in the Carmel quadrangle. Granite dikes commonly 
grade into stringers of pegmatite, which, in turn, pass into quartz veins 
at many points. The eastern half of the Croton Falls hornblendite 
(Carmel quadrangle) shows perhaps the best examples of this grada- 
tion. The granite and the associated pegmatite dikes share another 
peculiarity with the dike rocks farther north: they are associated 
with many thrust faults south af the Hudson gneiss block (PI. 8, fig. 2; 
Pl. 14, fig. 3). Dikes of granite, pegmatite, or quartz cut all rocks, 
and form structurally independent intrusions in some places (Fig. 36). 
That at least a large portion of the quartz veins in the gap of Wing- 
dale are of magmatic origin, and hence were precipitated from relatively 
hot solutions is indicated by coarse-textured zones, 1 to 2 inches wide, 
along contacts of the veins, in which the surrounding pelite shows more 
and larger crystalloblasts than elsewhere in the same ledges. The same 


7 W.N. Rice and H. E. Gregory: Manual of the geology of Connecticut, Conn. Geol. and Nat. Hist. 
Surv., Bull. 6 (1906) p. 109. 
W. M. Agar: The granites and related intrusives of western Connecticut, Am. Jour. Sci., 5th ser., 
vol. 27 (1984) p. 863-367. 
™C. R. Fettke: op. cit., p. 235. 
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Foliation,with dip angle ; same,vertical ; Flow lines 
in granite bodies, linear parallelism in gneiss ; jw axes of 
folds ; ap striffe and dip of foliation,and trend and pitch 


of Linear parallelism ; pegmatite cross 


Ficure 36.—Small intrusions of the so-called Thomaston granite into pre-Cambrian 


gneiss 
Structure map of a group at the knoll 460, southwest slope of hill 620, a mile northeast of Goldens 
Bridge, Carmel quadrangle. The granites represent small shoots that rose obliquely from the west, 
cutting discordantly the foliation of the gneiss. 


zones were observed along the contacts of numerous pegmatites that 
grade along the strike into quartz veins. The contrast in texture is most 
striking in the argillite belt between Clove and Harlem valleys. Far- 
ther east, the entire rock fabric becomes so coarse that the difference 
is rarely noticeable. 
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BASIC AND INTERMEDIATE PLUTONIC ROCKS 


Distribution—The important fault zone that borders the Hudson 
gneiss block on the south, is studded with basic and intermediate plu- 
tonic rocks, which have been examined petrographically by Rogers,®° 
Berkey and Rice,®*’ Koeberlin,** Rice and Gregory,** Hobbs,** and 
Agar.*® The southwesternmost mass is the Peekskill norite; 10 miles 
northeast is the Croton Falls hornblendite, a lens, 2 miles in northeast- 
southwest direction, and less than a mile thick. The contacts dip 
northwest at high angles, under the Hudson gneiss block, although, be- 
tween the gneiss and the hornblendite, a narrow zone of impure Gren- 
ville marble and of the younger schist and marble intervenes. Four 
miles farther east-northeast, the small Peach Lake diorite crops out 
at the top of hill 700, north of Peach Lake (Carmel quadrangle). 
Eight miles to the east, lie the edges of the large intrusive masses in the 
vicinity of Danbury. This district is now being investigated by Agar. 
None of these intrusions has invaded the rocks north of the Hudson 
Highlands. 


Amphibolite—In the schist belt north of the eastern gneiss spur, there is 
a great “swarm” of amphibolite lenses. These are regarded as of igne- 
ous origin, because at two points (hill 1260, half a mile west of the 
north-south road, and 24% miles east-northeast of Patterson; hill 1180 
three-quarters of a mile northeast of hill 1260) the rock grades into 
coarse, equigranular diorite. The amphibolite forms a multitude of 
concordant lenses and sills in the schist, and has been folded isoclinally 
with it (Fig. 37). The internal structure of these lenses is identical 
with that of the surrounding argillite; no other rock in the district 
has developed linear parallelism better than the amphibolites, owing 
to the prismatic growth of the hornblende crystals. In the centers of 
many lenses, linear parallelism is the only structure, but, along the bor- 
ders, foliation is equally prominent. The amphibolite lenses are crossed 
by scores of straight and massive pegmatite dikes, their association pre- 
sumably due to the fracturing of the rocks during a late stage, rather 


8G. S. Rogers: Geology of the Cortlandt series and its emery deposits, N. Y. Acad. Sci., Ann., 
vol. 21 (1911) p. 11-86. 

81C, P. Berkey and M. Rice: op. cit., p. 66-68. 

@F, R. Koeberlin: The Brewster iron-bearing district of New York, Econ. Geol., vol. 4 (1909) 
p. 713-754. 

88 W. N. Rice and H. E. Gregory: op. cit., p. 107-109, 111, 112. 

8% W. H. Hobbs: On two new occurrences of the “Cortlandt series” of rocks within the State of 
Connecticut (1906) p. 25-48. Rosenbusch Festschrift, Stuttgart. 

8 W. M. Agar: Proposed subdivisions of the Becket gneiss of northwest Connecticut and their rela- 
tion to the surrounding formation, Am. Jour. Sci., 5th ser., vol. 17 (1929) p. 197-238; The granites and 
related intrusives of western Connecticut, Am. Jour Sci., 5th ser., vol. 27 (1934) p. 367-371; Note on the 
Danbury granodiorite gneiss of Connecticut, Am. Jour. Sci., 5th ser., vol. 25 (1933) p. 1-19. 
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60 feet 


Ficure 37.—Harmonious folding of schist (dark) and amphibolite lenses (light) 
Cross-section near top of hill 1260, 1% miles due east of Lake Hammersley. 


than to genetic relations between amphibolite and pegmatite. Whether 
any relations exist between these basic lenses and the basic or inter- 
mediate intrusions farther southeast, is unknown, although some of the 
intermediate intrusions in western Connecticut are perhaps related to 
amphibolites there.** 


SUMMARY DISCUSSION 
SUGGESTED HYPOTHESIS 


The geological importance of the area described lies in the fact that 
fossiliferous Cambro-Ordovician strata belonging to the Appalachian 
geosyncline, can here be traced eastward into the crystalline rocks that 
crop out in the zone of pre-Cambrian gneisses. From west to east within 
the gneiss zone, they are progressively metamorphosed, so that the three 
members of the metamorphic sedimentary series of southeastern New 
York (Lowerre quartzite, Inwood marble, and Manhattan schist) are 
indistinguishable from the metamorphosed lower Cambrian Poughquag 
quartzite, Cambro-Ordovician Wappinger dolomitic limestone, and the 
(?Cambro-) Ordovician Hudson River pelite. 

The deformation of the sedimentary formations is largely caused by 
normal faults and eastward-dipping thrust faults that have profoundly 
disturbed the pre-Cambrian basement complex. In addition to the large 
Hudson and Housatonic gneiss blocks, five smaller ones have pierced or 
uplifted the superjacent strata. Several belts of the limestone have been 
thrust westward, and upward, into the overlying Hudson River pelite. 
As some of the limestone belts are penetrated by pre-Cambrian thrust 
blocks, it seems reasonable to assume that other limestone zones may have 
been also upthrust by underlying gneiss blocks. Harlem, Clove, perhaps 
Shekomeko and other valleys may thus be underlain by pre-Cambrian 
thrust blocks. 


® W. M. Agar: oral communication. 
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In the western part of the area, the brittle Poughquag quartzite and 
the thick-bedded Wappinger limestone have been warped, flexed, and 
faulted by the upthrusts of the basement complex, but folds are open 
and rare. The thin-bedded Hudson River pelite, however, has been 
thrown into thousands of small, shallow folds, overturned to the west. 
Fracture cleavage dips east at angles varying between 35° and 70°. 

In the eastern half of the area there is no pre-Cambrian gneiss barrier 
for a distance of 7 miles. Through this “gap of Wingdale,” all three 
sedimentary formations extend eastward beyond the gneiss barrier. In 
the gap, the Hudson River pelite shows the normal succession of crystallo- 
blast zones (biotite, garnet, kyanite, staurolite, sillimanite), whereby the 
rock grades from a slate through a phyllite into a schist, and even into 
true injection gneisses. The isograds of crystalloblasts are shown on 
Plate 1; Barth discusses this phase of the investigation in detail. The 
Wappinger limestone becomes a progressively crystalline marble, and the 
Poughquag quartzite has been recrystallized, so that original sedimentary 
structures, such as cross-bedding and pebble layers, have been largely 
destroyed. 

Within the gap of Wingdale, the pelite exhibits extremely tight isoclinal 
folds, which pitch at low angles. Although the limbs of these folds 
strike north-south, or nearly so, the individual sedimentary beds trend 
east-west, and can, therefore, be followed eastward through the gap. 
The individual beds of the underlying marble trend also east-west. In 
addition to the isoclinal folds, the pelite has been shredded by shear 
zones. Most of them have developed from fracture cleavage, being a 
more intense form of shearing along secondary, suitably oriented planes 
of mechanical inhomogeneity (s-planes of Sander’s nomenclature). In 
the zone of anamorphism, the shear zones are studded with crystal- 
loblasts that attain larger size than those in the surrounding rock. 
Along them, solutions deposited quartz veins and lenses of pegmatite, 
and there is evidence that relatively hot solutions of igneous derivation 
have traveled westward as far as a mile west of Clove Valley. 

Subsequent to the isoclinal folding, the Wappinger limestone in the 
gap was deformed by plastic flow. The limbs of folds were thinned 
out and lengthened; apices of folds were compressed and drawn out 
until they were obliterated in places. Nevertheless, there remain enough 
apices to prove that the now visible “layers” of marble are the deformed 
limbs of appressed and drawn-out isoclinal folds. The limbs represent 
planes of slip, and conform harmoniously to the contacts of all resistant, 
friction-exerting rock masses (large inliers of quartzite and schist, and 
contacts with other formations). 
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In the gap, the extraordinarily strong Poughquag quartzite still pre- 
serves unconformities with the pre-Cambrian gneiss, so that there can 
be no doubt that the metamorphic marble-pelite series, which rests on 
the quartzite, is separated from the gneisses by this break, even though 
the original relations are effectively obliterated in the limestone and 
pelite. The quartzite itself shows how originally unconformable con- 
tacts are made over into pseudo-conformable ones. The mechanism is 
connected with deformation along thrust faults. In the overridden 
block, the sedimentary rocks are tightly folded, and the limbs dip 
eastward, parallel to the dip of the nearest thrust plane. Intense frac- 
ture cleavage and shear planes parallel to the axial planes have ob- 
literated the folded beds, and, from the subsequent recrystallization, 
the deformed rocks emerged as eastward-dipping areas of “layered” 
rocks, pseudo-conformable with the gneisses. Extensive field observa- 
tions are necessary to trace the development, and prove the origin, of 
this structure. The gap of Wingdale is of especial value because here 
the various stages in the structural transformation are exposed. That 
the parallel “layers” are slip planes due to movements along thrust 
faults is further proven by the uniform eastward pitch of alignments 
of minerals on them. That intensive deformation is necessary to pro- 
duce linear structures of this kind, has recently been emphasized by 
Gilluly.*” 

The more important thrust fault zones are described, and the in- 
trusive rocks and their effect on the metamorphism of the sediments are 
briefly sketched. 

ALTERNATIVE STRUCTURAL HYPOTHESES 

General statement.—Is the structural evolution as outlined in the pre- 
ceding pages the most plausible one, or are other interpretations equally 
good or better? 

If a choice is to be made between several theories in order to explain 
the structure of an area, the writers prefer, in general, the one that 
involves the smallest expenditure of kinematic energy, and appears to 
be in closest harmony with what is regarded as reliable facts. If 
alternative theories require more unproven or questionable premises, 
their acceptance should be postponed until such time as the body of 
facts shall be enhanced by new observations that shift the weight 
of evidence or probability in their favor. 

As no detailed alternative interpretations have been set forth for the 
structural geology of this particular region, the following discussion is 
brief and in somewhat the form of an outline. In the writings of E. B. 


8 J. Gilluly: Mineral orientation in some rocks of the Shuswap terrane as a clue to their metamorph- 
ism, Am. Jour. Sci., 5th ser., vol. 28 (1934) p. 182-201. 
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Knopf, and in informal discussion with several other geologists, the 
question has been brought up, whether low-angle thrust sheets, promi- 
nent in other parts of the Appalachian Mountains, may exist here. The 
following remarks are an attempt to examine this possibility. 


Klippen theory.—Can the five isolated gneiss blocks (Stissing Moun- 
tain, Lagrangeville block, Fishkill block, Corbin Hill; and the Patter- 
son block) which are considered to be autochthonous upthrust blocks, 
be interpreted as klippen, isolated patches of thrust masses? If they 
are, the authors’ interpretation would lack an essential element. 

It would probably be assumed that the thrust sheet has moved from 
east to west, and that, accordingly, the root zone of the sheet would 
be somewhere among the gneiss terranes of western Connecticut. As 
it has not been contended that the unmetamorphosed Hudson River 
series east of the Hudson rests, in its entirety, on foreign ground, the 
gneiss would have to rest on the Hudson River formation, which would 
place the time of the thrust somewhere after the deposition of this rock. 

Exposed floors of the gneiss blocks would easily decide the question; 
but floors are nowhere visible. However, several gneiss blocks have 
exposed western and eastern contacts that are steep, even vertical (Pl. 
21, sect. 5, 10; Fig. 38). If the gneiss blocks are interpreted as klip- 
pen, the postulated floor must lie below the present erosion surface. 
In view of the smallness of the blocks and the resistance of the rocks 
that compose them, the floor must have been dropped by faulting, not 
by bending of the thrust sheet. The same faults should have dropped 
those superjacent sedimentary rocks that are in primary contact with the 
gneiss blocks. Not only have we failed to find proof of the required 
downward movements of the gneiss blocks, but there is reliable evidence 
that the gneiss blocks, together with their sedimentary cover, have 
moved upward, with reference to their autochthonous surroundings. 


The clearest example is Stissing Mountain (Fig. 38; Pl.1). The Poughquag quartzite 
slopes off the southern part of the gneiss block at angles of about 5 degrees. As one 
approaches the eastern and western borders of the quartzite, the dips steepen, and 
on both sides the quartzite drops off at high angles, up to 90 degrees. The limestone, 
next above the quartzite, also bends downward, but exposures are poorer. This is 
not the structure of a downdropped, but of an uplifted, block. If the gneiss blocks 
are klippen, subsequently downfaulted, the eastern and western borders of the 
quartzite would be expected to bend upward, not downward. In order to explain 
the “wrong” drag, it would be necessary to assume that, although the block as a 
whole has dropped, it has been flanked on the east and west by other blocks that 
were dropped deeper. This would produce the downward flexure. However, the 
movement now postulated is essentially the same as the interpretation of the writers, 
except that theirs avoids two auxiliary hypotheses, that of an otherwise unrecorded 
thrust sheet, and the subsequent stepfaulting. 

Remnants of steeply tilted quartzite along the borders of small gneiss blocks 
(Lagrangeville, Fishkill, Patterson blocks) are explained more easily by steep up- 
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thrusts than by the theory of faulted klippen. The top, or front, of a small block, 
punched through the sedimentary cover, is obviously exposed to great resistance and 
friction, so that the rock at the front is likely to be sheared off as the block rises. 
The sheared-off blocks may slip down the flanks, lagging behind the advancing 
gneiss mass. A downfaulted gneiss block, on the other hand, does not undergo 
such extreme shear at its upper sur- 
face, and quartzite blocks that adhere 
W-NW E-SE | to it are more likely to remain there 
than along the borders, dragged down- 
ward. 

The hypothesis of downfaulted 
remnants of a thrust sheet does 
not readily explain why the east 
and west contacts of some gneiss 
blocks dip east at about the same 
angles as the fracture cleavage 
and shear zones in the surround- 
ing pelite. It would be necessary 
to postulate, in addition to the 
earlier normal faults, that the 
steep borders have been affected 


Ficure 38—Seven cross-sections through by upthrusts of the sedimentary 
the gneiss block of Stissing Mountain rocks from the east. Likewise, 
Symbols: (1) Pre-Cambrian granite gneiss; (2) the klippen theory does not ex- 

plain why internal shear zones of 

brian and younger; (4) Hudson River pelite; the gneiss, as, for instance, in the 

(5) Pleistocene cover; (6) solid black lines: ob- (Corbin Hill block (p. 741), dip at 


served faults; dashed lines: inferred faults. In 
sections 5 and 6, the dashes (right) indicate prob- about 60 degrees east. One would 


have to assume that the subse- 
quartzite of section 7. quent upthrust of the sedimentary 

rocks was strong enough to pro- 
duce these shear zones, but that the preceding long-distance movement 
did not suffice to shear the gneiss through. If it is held that the shear 
zones did result from the subhorizontal movement, one is forced to as- 
sume either that the gneiss block has subsequently rotated until the for- 
merly subhorizontal zones are tilted at 60 degrees, or that they rose obli- 
quely from the flat sole, after the manner of the imbricate Scottish thrusts. 
This origin is identical with the writers’ explanation, except that the 
latter does not require the additional long-distance movement. 

The alternative theory would require a new explanation for the north- 
west-dipping quartz-filled tension joints and their fractures in the gneiss 
block (p. 741) that have the same general orientation as those in the pelite 
northwest of Corbin Hill (p. 754), although it can hardly be claimed 
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that the entire schist mass has been rotated; nor could this schist belt 
be readily interpreted as a remnant of the same thrust sheet. Although 
the reader may be inclined to regard the quartz veins as minutiae, the 
authors believe that a theory is - more satisfactory the more features 
it can explain. 

If the Corbin Hill block is held to be a klippe, the additional problem 
is encountered that the primary lineation of the gneiss (p. 741) con- 
forms very well in trend and pitch angle with the internal structure of 
the nearby Poughquag spur, whereas the writer is not aware of com- 
parable areas in western Connecticut at the same latitude that have the 
same linear orientation. 

Other problems that must be explained by the klippen theory are: 

1. As the six klippen are arranged in two belts trending north-north- 
east, along which quartzite and limestone interrupt the continuity of 
the pelite formation, but apparently resting on top of the gneiss (at 
least at Stissing Mountain), these zones would have to be interpreted 
as narrow, downfaulted blocks. Yet neither the slate nor the limestone 
shows indications of crushing and disturbance with approach to the 
supposed faults, although here the throw should have been greatest. 
On the other hand, where gneiss and slate are brought together by 
faulting (as, for instance, at the north-northwest corner of Stissing 
Mountain, and at the northwest corner of the Lagrangeville block), they 
are intensely mashed, although the throw here would have been less. 

2. If Stissing Mountain is assumed to be a klippe, it is hard to under- 
stand why the quartzite here carries trilobites and other fossils, al- 
though in the general vicinity of the supposed root zone (Housatonic 
gneiss block) the quartzite is highly folded and mashed. One would 
have to assume that the principal deformation in the root zone occurred 
after the nappe had been squeezed out. If considered to be an autoch- 
thonous mass, the lack of folding at Stissing Mountain is in harmony 
with the much feebler folding and the absence of recrystallization so 
far west of the mountain axis. 

3. If Corbin Hill and the Patterson block are klippen, it is a remark- 
able accident that both are in line with the Towners thrust and the axis 
of the Housatonic Highland block. The Towners thrust block has 
plainly been dislodged from the immediately adjacent gneiss mass, and 
thrust obliquely upward into the superincumbent strata. As far as 
known, no one has yet assumed that the entire mass of the Hudson or 
Housatonic Highlands has been moved by far travelled thrusts. As 
stated on page 745, thrust faults are common along the borders of these 
gneiss blocks, and, although not described in detail in this paper, it 
may be stated that they appear to be symmetrically arranged with 
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reference to the axis of each principal mass. For instance, at several 
places east of the main axis, the thrusts dip westward or northwestward 
(p. 749). The two isolated gneiss blocks have a corollary in the thrust 
slivers on the west border of the Housatonic block (p. 734) and in the 
Towners thrust. That the gneiss axis is depressed in the gap of Wing- 
dale, is evident from the plunge of the quartzite, limestone, and pelite. 

There is additional evidence that the crest lines of the pre-Cambrian 
gneiss blocks are uneven. The numerous outliers of quartzite, both in 
the Hudson and Jersey Highlands, and in the Housatonic block, at 
fairly high elevations, are commonly interpreted as due to local depres- 
sions in the crest lines. It seems reasonable to assume that, although 
some portions have been uplifted less than the main mass, others were 
thrust ahead of it, piercing the superjacent sedimentary formations at 
several places. Furthermore, the distribution of rock types, at least in 
the Corbin Hill block, suggests that the borders of these thrust blocks 
coincide fairly closely with the borders of especially strong and resist- 
ant granite masses (p. 741) that seem to have withstood particularly 
well the shearing and deformation attendant to the rise of the blocks. 

4. If Corbin Hill and the Patterson block are klippen, it is hard to 
understand why they rest on the axis of an anticlinorium of marble 
that appears to have been upfolded and upthrust, and now occupies 
the valley. If it be assumed that the blocks have been downfaulted 
subsequently, it is hard to explain why no other remnants of the same 
block are visible, or why the numerous marble exposures along this 
zone should not show at least some evidence of the latter deformation. 

5. Although not conclusive in itself, the absence of marginal flexures 
and related drag structures in the gneisses of the supposed klippen, refer- 
able to subhorizontal movement, is noteworthy. Apparently, small, 
subordinate thrust faults (p. 738) have succeeded in dragging the folia- 
tion of the gneiss; yet nowhere is there an indication of gentler easterly 
dips near the lowest portions of the “klippen.” Even in so small a 
block as the Patterson mass, the foliation dips at high angles, or stands 
vertical. 

6. In the vicinity of the border thrust faults, the foliation in the 
gneisses strikes and dips parallel to them (p. 741). This is accomplished 
either by secondary shearing and subsequent recrystallization of the 
gneiss, or by thrust faults coinciding with sections in the gneiss where 
the original foliation dipped eastward; in which case, there is a minimum 
of secondary deformation. The east and west borders of the supposed 
klippen indicate the same relation between the structure in the gneiss 
and the attitude of the fractures, and this would fit very well with the 
interpretation advanced for the other thrust faults, whereas it would 


| 
i 


SUMMARY DISCUSSION 765 


entail new explanations if the borders represent normal faults, not 
related to the thrust faults. 


Thrust sheet theory—Can the schist masses that surround Harlem 
Valley, be regarded as remnants of a thrust sheet? 

In accordance with generally accepted theories of Appalachian struc- 
ture, this sheet, too, would probably be assumed to have moved from 
east to west. As the pelite overlies the Ophileta-bearing limestone of 
Clove Valley (p. 718), the movement must have taken place after the 
deposition of this rock, and prior to the folding, shearing, local thrust- 
faulting, and recrystallization. As the basal quartzite overlies highly 
crystalline gneisses and schists as far east as Bulls Bridge and Kent, 
Connecticut (Pl. 1), there must have existed an area of unmetamor- 
phosed pelitic sediments east of this longitude, if it is assumed that 
the pelite is of pre-Cambrian age. If the rock is supposed to be Paleo- 
zoic, but older than the Hudson River series, it might be the equivalent 
of the Poughquag quartzite, or of the Wappinger limestone, or of both. 
If it is held to be of Hudson River age, deposited in western Connecti- 
cut, it implies that in the intervening area (general longitude of Harlem 
Valley) the pelite has not been deposited, although the formation would 
seem to measure several thousands of feet in thickness east of the Hud- 
son. If the orogeny is placed at the end of the Ordovician (Taconic 
orogeny), the interval between deposition and movement becomes short. 

The thrust sheet must have come to rest on horizontal layers of the 
limestone; for no angular unconformity has yet been recognized between 
the two formations in the area here considered. The following facts 
must also be explained: 

1. In contrast with many established thrust sheets, this one seems 
to lack a recognizable western “front”—i.e., a zone where the rocks of 
the thrust sheet end, and the rocks of the autochthonous series begin. 
Fronts of thrust sheets are commonly erosional escarpments, or they 
may be recognized by the abrupt change of formations on a featureless 
surface. Considerable time has been spent trying to find anything re- 
motely similar to a tectonic front in the rolling country west of Clove 
Valley, but without success. Although it is true that a front is difficult 
to trace if both adjacent formations are devoid of through-going, easily 
identifiable key horizons, nevertheless, the problem remains puzzling, 
for the Hudson River slates, as well as the pelites farther east, carry 
the characteristic interbedded lenses of sandstone and conglomerate, 
chert beds, and black argillaceous phases. 

The western front of this supposed thrust sheet, therefore, lies sub- 
horizontal; it replaces an autochthonous arenaceous-argillaceous series 
by another series, originally deposited a long distance farther east, but of 
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so nearly the same thickness and lithologic composition that the break is 
completely masked in the field. The thickness of the sheet would have 
to increase eastward at approximately the same rate at which the 
autochthonous pelite fades out. 

If this line of reasoning is followed through, the number of hypothe- 
tical low-angle thrust sheets on the earth’s surface is likely to grow 
indefinitely. Within any non-fossiliferous formation, devoid of key 
horizons or other stratigraphic markers, an infinite number of thrust 
sheets may be construed. Although no positive proof of their existence 
can be given, it is, nevertheless, impossible to disprove them. This line 
of reasoning, therefore, is futile if one is in need of reliable criteria for, 
or against, the existence of thrust sheets, and must Jook for additional 
evidence. 

2. Instead of a sharp lithologic break at the base of the thrust sheet 
of pelite, a transition zone is observed between the top of the limestone 
and the pelite in the vicinity of Harlem Valley (p. 728). This neces- 
sitates an arbitrary location of the thrust plane within the transition 
zone; or the transition zone is counted with the limestone series, and 
the base of the thrust sheet drawn above. The transition zone, although 
to all appearances grading into the pelite, must be separated from it 
by an invisible break of the first magnitude. 

3. Attention is drawn once more to the southeast end of Clove Val- 
ley. The well-developed thrust structure at the base of the schist, with 
lineation trending northwest-southeast, was shown (p. 748) to be closely 
related to the thrust along the east flank of the Poughquag spur. One 
is here confronted with the anomalous situation that a thrust of perhaps 
one or two miles has left unmistakable traces in the fabric of the rock, 
although an infinitely longer transportation of the same rock, in a less- 
metamorphosed condition, has failed to develop any such structures. 


Summary.—If the small gneiss blocks or the schist masses in the 
vicinity of Harlem Valley are to be interpreted as remnants of far- 
travelled low-angle thrust sheets, numerous auxiliary hypotheses must 
be introduced. Few of them can be said to be called for by structural 
features of the region itself; none of them has obvious relations to 
those movements that are definitely recorded in the region; none of 
them can be said to be necessary. Although it is expressly admitted 
that the rocks in question could conceivably have had as complicated 
a history of sedimentation, long-distance transportation, and subsequent 
folding, shearing, faulting, and metamorphism as the alternative hypo- 
theses require, the “autochthonous” interpretation has the advantage 
of explaining and relating the structure and distribution of the critical 
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rocks by processes that are a part of the local deformation. It involves 
fewer auxiliary assumptions, and is, therefore, more economical. 

Thrust sheets and klippen are postulated because of anomalous 
stratigraphic successions, not otherwise explainable; or because of struc- 
ture anomalies not understandable from other points of view; or be- 
cause the klippen, although closely related to rocks nearer the root 
zones, were obviously out of their proper geologic setting; or on the 
evidence of intensely crushed subhorizontal zones of deformation; or 
on the evidence of exposed soles. None of these criteria appears to be 
fully applicable here. There is no proof of an anomalous stratigraphic 
succession in the gap of Wingdale; the deformation of the supposed 
thrust sheet of pelite is, to all appearances, synchronous with that of the 
autochthonous formations; the gneiss of the supposed klippen is known 
to underlie the sedimentary rocks a few thousand feet below the sur- 
face; no crush horizons, or exposures of indubitable soles, have been 
observed. 

Root zones may possibly be disclosed, or evidence suggestive of their 
existence in western Connecticut may possibly be found in the future; 
perhaps a region will some day be described where a prism of pelitic 
rocks has been moved 10 miles over the earth’s surface without recog- 
nizable deformation; perhaps there are regions where the rocks of a 
thrust sheet happen to have such lithologic composition that they merge 
insensibly with their new surroundings; orogenies may be discovered 
that have commenced with the development of thrust sheets of incom- 
petent rocks, without attendant deformation, to be followed afterward 
by folding, thrust faulting, intense shearing, normal faulting, and meta- 
morphism. Until present knowledge has been adequately supplemented 
by discoveries and exhaustive investigations along these lines, the 
writers regard the present interpretation as preferable. 


THE CORRELATION PROBLEM 


Although several problems of general significance are touched upon by 
the observations in this paper, only the correlation problem will here be 
summarized. The arguments for and against the correlation of the 
metamorphic with the unmetamorphosed Cambro-Ordovician sequence 
have been analyzed by Berkey and Rice, who listed eight arguments 
that favor different ages of the two series. Each argument, as stated 
on pages 138 and 139 of the West Point quadrangle report, is quoted 
and, in some instances, supplementary statements from the discussion 
on preceding pages of that report are added together with comments 
on each of the eight points. 
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“Points of dissimilarity which seem to support the hypothesis of different age and 
entire independence of the two series: 
“1, The strikingly different physical appearance and petrographic habit of the 
two series, especially the uppermost members.” 


As admitted on page 696, the difference is, indeed, striking at one 
point—namely, at, and northwest of, Peekskill on the Hudson—where 
the pelite in phyllite phase is within a mile of the highly metamorphic 
series. However, the difference is hardly extreme, nor does it lack an 
alternative explanation. In the first place, as has been noted by 
Fettke,®* the more highly metamorphic rock here is within the contact 
zone of the Cortlandt norite, and the normal character of the rock has 
been modified by contact effects of the norite. A higher-rank meta- 
morphism would be quite normal. 

In the second place, as has also been observed by Fettke,®® the schist 
that fringes the Cortlandt norite at the town of Peekskill is actually 
a phyllitic rock in places. Recent highway cuts at the eastern outskirts 
of the town show a thinly laminated black phyllitic schist, penetrated 
by quartz veins, with or without feldspar. A specia] petrographic study 
of these rocks is most desirable. The same phyllitic types extend along 
the northwest margin of the Croton Falls hornblendite, and should also 
be studied in detail. 

In the third place, the low-rank phyllite northwest of Peekskill is 
separated from the more highly metamorphic belt by a barrier of pre- 
Cambrian gneiss, at least three quarters of a mile thick. Whatever the 
effect of the norite or the probably granite-derived solutions that pro- 
duced the crystalloblasts in the schist, their action must have been 
appreciably reduced by the intervening mass of resistant gneisses. 

In the fourth place, attention is called to the important exposures on 
the shore of the Hudson, northwest of Crugers station (Tarrytown 
quadrangle). Here, a fine-grained gray phyllite grades into a highly 
injected garnet-staurolite-biotite schist within 250 feet along the strike. 
The low-rank pelite rests against limestone; the injected schist is 150 
feet from the norite contact. As early as 1881, J. D. Dana commented 
on this interesting outcrop.° If anywhere, the metamorphosing effect 
of the norite can be examined here. Fettke reported similar gradations 
from the contact zone of the Croton Falls hornblendite.™ 


“2. General absence of the quartzite or lower member on the south side of 
the Highlands with the metamorphosed series.” 


%C. R. Fettke: The Manhattan schist of southeastern New York State and its associated igneous 
rocks, N. Y. Acad. Sci., Ann., vol. 23 (1914) p. 255. 

8 Ibid. 

% J. D. Dana: On the geologic relations of the limestone belts of Westchester Co., N. Y., Am. Jour. 
Sci., 3rd ser., vol. 22 (1881) p. 2. 

"C. R. Fettke: op. cit., p. 255. 
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On page 132 of the Berkey and Rice report, it is also stated that the 
thickness of both series is different. 

That the quartzite is absent along most gneiss contacts, is the un- 
avoidable result of the brittleness of this rock during the beginning 
phases of the deformation. Where the deformation has been mild, as, 
for instance, at Stissing Mountain, or along the northwest border of 
the Hudson gneiss block, the quartzite is faulted into a number of 
individual blocks. Each one may be compared with a plate of brittle 
glass on top of the gneiss. A fault contact of a gneiss block is an essen- 
tially new surface. Only a rock as flexible as rubber could have been 
molded so as to accompany these new surfaces as a continuous blanket. 
The inevitable result of the incipient faulting of the gneiss basement 
must have been to fracture and disrupt the quartzite cover. This did 
not prevent the quartzite in the disrupted blocks from being folded sub- 
sequently, as described on page 732. Not the internal structure, but 
the “spotty” distribution of the quartzite is argued here. Whether or not 
a gneiss block is surrounded by quartzite fragments, depends also on the 
width of the block. If it is wide, the flat top surface can carry a frag- 
ment of the original cover with it (southern slope of Stissing Moun-. 
tain; quartzite remnants east of Sharon, Connecticut; faulted blocks 
on the southern termination of the Housatonic gneiss block). If a gneiss 
block is narrow, however, the shearing along the wedge-like front re- 
moved the original quartzite cover, although deformed fragments sur- 
vive along the fault contacts. 

Estimates of the thickness of the metamorphic rocks are impossible, 
if by thickness is meant the original thickness of layers before deforma- 
tion. The writers know of no method for determining the original 
thickness of a sedimentary series devoid of key beds, isoclinally folded, 
and subsequently sheared. The apparent thickness of such a rock, nor- 
mal to the strike and dip of the foliation planes, bears no direct relation 


to the original thickness. 


“3. Absence of as definite bedding and granular structure in the Manhattan 
as ought to be expected if it is the metamorphic equivalent of the Hudson 


River formation.” 


The unmetamorphic sequence carries numerous lenses of grit and 
quartzite; they might be expected to retain their original structures in 
the metamorphic sequence, but none are seen there.*? 

The writers have traced the Manhattan schist and the associated 
limestone from the gap of Wingdale southward to the southern border 


%C, P. Berkey and M. Rice: Geology of the West Point quadrangle, New York, N. Y. State Mus., 
Bull. 225-226 (1921) p. 132-133. 
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of Carmel quadrangle, and know the rocks from several excursions 
farther south, and also in the vicinity of greater New York. Lenses 
of quartzite in the argillite are found as far south as Katonah, New 
York. In Central Park, New York city, there are numerous lenses, 
to all appearances of quartzitic composition. It may be pointed out 
that grit and quartzite lenses are irregularly distributed in the Hudson 
River formation (p. 694). Their absence in some areas of the meta- 
morphic belt has a counterpart in purely argillaceous phases in the 
unmetamorphosed sections, due to differences in sedimentation. 

The origin of the foliation planes of the schist has to be interpreted 
cautiously (p. 713). 

The apparent stratification in quartzitic lenses need not be the original 
succession of sedimentary layers. They may be thinned limbs of iso- 
clinal folds, shear zones, welded together by recrystallization, or re- 
crystallized cleavage bands (p. 734). 

“4, Prominence of igneous impregnation in the Manhattan and absence of 
igneous influence in the Hudson River formation.” 

The intrusions may not have reached far enough northwest, but even 
so, there is no known Paleozoic intrusion in the district that might be 
considered responsible for the intense metamorphism.” 

As studies in the gap of Wingdale show, the younger intrusions, and 
their allied emanations or solutions, have spread along principal fault 
and shear zones. The crowding of intrusions along the fault zone south 
of the Hudson Highland gneiss block has been pointed out (p. 757). 
The Peekskill (Mohegan) granite, which belongs to this group, is post- 
Cambrian, as recognized by Berkey and Rice. There is a strong 
suggestion that the so-called Thomaston granite series is of about the 
same age; the rocks in the vicinity of Goldens Bridge and Katonah 
(Carmel quadrangle) are certainly less foliated than the Peekskill 
granite. Age determinations of the pegmatite of Branchville, Connec- 
ticut (Danbury quadrangle) and Bedford, New York (Stamford quad- 
rangle), on the basis of radioactive minerals, suggest ages of 390°° and 
380 ** million years, respectively. These dikes are probably connected 
with the youngest granite group. They are found, for instance, in the 
Croton Falls hornblendite, as huge ledges on the southern slope of the 
mass, intimately associated with fine-grained, siliceous two-mica gran- 


Op. cit., p. 133. 

% Op. cit., p. 29, 83. 

%A. Holmes: Radioactivity and geological time, in Physics of the earth: IV, The age of the earth, 
Nat. Res. Council, Bull 80 (1931) p. 351. 

% A. C. Lane: (Chairman of Committee) Report of the Committee on the measurement of geologic 
time, Nat. Res. Council, Division of Geology and Geography (1932) p. 16. ‘‘ ... this would be about 
the duration of the Ordovician.” 
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ite. Just as the Peekskill granite is considered “genetically related to 
the Cortlandt series,”®? so the smaller granite and pegmatite outcrops 
are associated with the smaller hornblendite intrusion. As has been 
mentioned (p. 714), and will be discussed in greater detail in the second 
part of these studies, the intrusions in southeastern New York have 
emitted considerable quantities of relatively hot solutions or emana- 
tions, although the exposed areas of granites are relatively small as 
compared with the zones of pegmatite injection and crystalloblasts in 
the pelite. The cause of this disproportion is seen in the effect of the 
fault zones in guiding the plutonic activity. The thick gneiss blocks 
do not seem to have been penetrated by the granites, but along the 
infaulted and intensely sheared tracts of younger sedimentary rocks, 
the ascending hyperfusibles have produced considerable metamorphic 
change. That plutonic masses, advancing through an extremely resistant 
substructure of gneisses along a system of steep fault zones can not 
crop out at the surface as large, continuous masses, is evidenced from 
the geometric form of the available spaces. Irregularly shaped dikes 
and lenses are the typical form. The widespread development of peg- 
matites and quartz veins, on the other hand, indicates that the relatively 
small plutonic masses have been accompanied by great quantities of 
water-rich emanations. 

“5, Striking unconformity between the Poughquag and the gneisses on the 
north side, contrasted with the apparent _con ormity of the Inwood and the 
Fordham gneiss of the south side of the Highlands. 

This point is called the most “insurmountable”; it is said that “in 
none of these cases [conformable contacts between marble and gneiss] 
is there deformation of sufficient consequence to obscure the relation 
and certainly no deformation of the usual sort could have brought about 
this parallelism of structure.” 

The writers have devoted much attention to an analysis of the mechan- 
ism that converts originally unconformable into pseudo-conformable 
contacts (p. 732). At numerous localities in southeastern New York, 
outside the area described, the writers have satisfied themselves that 
the metamorphosed sedimentary rocks have invariably passed through 
isoclinal folding, subsequent plastic deformation by gliding, and re- 
crystallization. The conspicuous, straight “layers” of marble or schist 
along gneiss contacts are never the original beds of deposition. That a 
rising gneiss mass, internally split by faults, will bring an originally 
unconformable series of overlying sediments into conformable relations 
with the foliation of the gneiss, was discussed in detail in connection 


% C, P. Berkey and M. Rice: op. cit., p. 83. 
% Op. cit., p. 184. 
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with the Swiss Alps, as early as 1878.°° In 1938, Bucher again called 
attention to this mechanism.’ 
“6. Occurrence of an interbedded layer of typical gneiss in the Inwood lime- 
stone member not far above its base.” 

This refers to two tunnel exposures in New York City; the inter- 
bedded gneiss looks exactly like the nearby pre-Cambrian Fordham 
gneiss.? 

If the word “interbedded” is interpreted correctly, it means that the 
foliation in the gneiss and limestone runs parallel, and probably also 
that the slab of gneiss has its major axes parallel to the foliation planes. 
Slabs and detached slivers and wedges of gneiss occur at numerous 
points along the principal fault zones. A gneiss sliver between quartz- 
ite and schist has been described (p. 746) and Fig. 33). The develop- 
ment of such slivers is well illustrated on the west side of the Housa- 
tonic gneiss block (p. 734). Owing to the tremendous shearing along 
the borders of the rising gneiss masses, the rocks have been crushed. 
That the border of a thrust block of gneiss consists of a multitude of 
cracked and loosened blocks is shown by the variations in trend of the 
linear parallelism on the foliation planes (p. 737). Conversely, it is 
highly probable that portions of the plastic marble were molded into 
local re-entrants and irregularities of the gneiss borders. Examples 
have been noted in this area, and the famous limestone wedges in the 
upthrust gneiss masses of the Aar massif of Switzerland’? are excel- 
lent illustrations of the mechanism that causes the tearing-off of out- 
lying blocks, and their incorporation in the adjacent formation. A 
similar case of a gneiss sliver, carried into younger sediments along a 
fault zone, has been described from the Saar district, western Ger- 
many.’ In salt domes, fragments of the wall rocks are commonly 
found enclosed within the border zones of the salt. The more mobile 
salt, squeezed into the cracks of the shattered wall, loosens the blocks, 
and its greater movement carries them away. Examples are found in 


Albert Heim: Untersuchungen iiber den Mechanismus der Gebirgsbildung, pt. 2 (1878) p. 147-149, 
154, 161, 178-179; atlas, pls. 6, 7, fig. 12; marginal schistosity in the gneiss, parallel to the boundary 
fault, pl. 9, figs. 7, 8. Basel, B. Schwabe. 

A. Baltzer: Beitriige zur Geognosie der Schweizer Alpen. Pt. 2, Uber die Marmorlager am Nord- 


rand des Finsteraarhor ivs, N. Jahrb. f. Mineral., Geol., Paliont. (1877) p. 687. 
Albert Heim: Geologie der Sch , Leipzig, C. H. Tauchnitz, vol. 2, 1st half (1921) P. 155-161, 
204-207, fig. 59; p. 123-124 (Heim uses the term “dislocation conformity,” ‘‘Dislokationsl danz’’) 


100 W. H. Bucher: The deformation of the earth’s crust (1933) p. 184-190. Princeton University Press. 

101 C, P. Berkey and M. Rice: op. cit., p. 136. 

102 Albert Heim: Untersuchungen iiber den Mechanismus der Gebirgsbildung, pt. 2 (1878) p. 137, 153. 
Basel, B. Schwabe; Geologie der Schweiz, pt. 2, Ist half (1921) p. 165, 171, pl. 7, prof. 15, opp. p. 144. 
Leipzig, C. H. Tauchnitz. 

108 H. Scholtz: Die Tektonik des Steinkohlenbeckens im Saar-Nahegebiet und die Entstehungsweise 
der Saar-Saale Senke, Zeitschr. d.d. geol. Ges., vol. 85 (1933) p. 348-350, 358. 
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the German salt domes.2°%* There is nothing unusual in conformable 
gneiss lenses, being near marble contacts; it is merely the result of shear- 
ing off, transportation, and subsequent recrystallization of gneiss and 
enveloping marble. 
existing somewhat metamorphosed sediments rather than from gneisses and 
granites, and the fact that the Manhattan-Inwood-Lowerre series would meet 
the requirements of such a source better than any other now represented.” 

As the fragments consist of sandstones, slates, graywackes, phyllites, 
crystalline limestones, dolomites—in other words, of rocks that do not 
exactly correspond to the metamorphic series—the point is admitted 
to be “not absolutely conclusive,” and the writers refrain from comment. 

“8, The evidence presented by the metamorphic condition of the Manhattan 
schist of a greater load of overlying sediments than would have been available 
if it is the equivalent of the Hudson River formation.” 

The exact depth at which the pelite has been metamorphosed is not 
known. lf it could be proven that the Silurian-Lower Devonian series 
overlay the Hudson River formation during the time of injection, the 
depth might be considerable. But as the later Paleozoics are not known 
in the region, this question, and with it the exact time determination 
of the orogeny, remain unknown. It may be assumed, however, that 
the Hudson River formation was several thousand feet thick, and that 
the now-exposed, metamorphosed phases represent the lower portions, 
protected, at the time of the orogeny, by the higher horizons of the 
argillite. The depth at which injection metamorphism, in the sense 
of Goldschmidt, occurs, is not definitely known. Goldschmidt himself 
states merely that the temperatures were relatively low, but that the 
depth was probably great.‘ The textbooks by Grubenmann-Niggli 
and Harker, likewise, do not give estimates of the depth other than by 
stating that the metamorphism has been accompanied by deformation 
in the plastic field, and not by rupturing. On the other hand, the intense 
permeation of the argillite by solutions, for which there is convincing 
evidence, would tend to raise the field of plastic deformation into rela- 
tively shallow depth. 

In the area south of the Hudson gneiss block, the schist-marble 
belts are steep-walled bodies that have been jammed into veritable 


104 EK, Seidl: Die permische Salzlagerstatte im Graf Moltke Schacht, Arch. f. Lagerstattenforsch., 
Preuss. Geol. Landesanst., Heft 10 (1914) opp. p. 34, pl. 3, fig. 2; opp. p. 49, pl. 16, fig. 1; p. 33, fig. 17; 


108 V, M. Goldschmidt: Die Injektionsmetamorphose im Stavangergebiete, Vidensk. Selsk. Skrifter, 
math.-naturv. Klasse, no. 10 (1921) p. 139. 
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p. 56, fig. 27; Die Salzstécke des deutschen (germanischen) und des Alpen-Permsalz-Gebietes; ein : 
allgemein-wissenschaftliches Problem, Kali, vol. 21 (1927) p. 26, fig. 41; p. 29, fig. 45; p. 31, fig. 46; ee 
p. 37, fig. 56a; p. 45, fig. 67b and c. } : 
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abysses between the uplifted gneiss blocks. As has already been pointed 
out, these faulted zones have been the chief avenues of plutonic activity, 
and in the writers’ opinion, there is no problem of insufficient depth 
south of the Hudson gneiss block. Moreover, there is indirect evidence 
that this same belt has been uplifted and eroded more than neighbor- 
ing portions of the crystalline Appalachians, because the Triassic sedi- 
ments, wide-spread in the New Jersey and Connecticut River areas, have 
been almost completely removed from this intervening tract of crystal- 
line rocks. 

The chief purpose of these studies has been to enliven and further 
the understanding of the structural development of the metamorphic 
rocks, by enlisting the evidence of measurable and easily observable 
structural features. It should be emphasized that the deformation and 
mechanism of metamorphism in southeastern New York are exceedingly 
similar to those in the Scottish Highlands, the Caledonian Mountains 
of Scandinavia, the Sudeten Mountains of Silesia, and the metamorphic 
portions of the Variscian Mountains, especially of Saxony and Czecho- 
slovakia. Comparative studies of structure and metamorphism in all 
these regions promise valuable results. 


Mount Horyoxe Cotiece, SourH Mass. 
MANUSCRIPT RECEIVED BY THE SecreTary or THE Socrety, 27, 1935. 
sy THE CoMMITT#E ON PousLications, 1935. 
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Amphibolite lenses in metamor- 
phosed pelite 


Hudson River pelite 
Ohb, Black basal phase of pelite 
Otc. Lens of conglomerate, graywacke, or 
quartzite in pelite 
Ohp, Chloritoid-bearing phyllitic schist 
in pelite 
Westernmost occurrences of crystalloblasts in 
pelite indicated as follows: bi, biotite; 
gt, garnet; ct, chloritoid; st, staurolite ; 
k, kyanite ; si, sillimanite. 


Wappinger dolomitic limestone; 
ee (Crystalline marble east of longitude 
8 of Poughquag) 


Owt, Tourmaline (dravite) in limestone 


€p 


Poughquag quartzite 


p- 


Pre-Cambrian gneiss, not subdivided 


Contacts inferred 
Contacts observed 
Limonite pit 
(Sylvan Lake is an abandoned pit) 


Quarry 


* 
Fossil locality 


ORDOVICIAN OR LATER 


QUATERNARY 


CAMBRIAN-ORDOVICIAN 


CAMBRIAN 


PR 
CAMBRIAN 


ste / 


ahkeepsie) _ 


(Poute 


\ SylyamLake 


LN, 


Stormy ille 
‘ 


coo \ 


New8B 


/ 


| 
| 
| 


ih aven\ 


\ 


\ 


Dover 
Plai 


6S 


jaroon 


Win pss tation 


BALK, PL. 20 


3°30" 


(New Miltord 


Linear parallelism, horizontal 


~ 


Fal 


Linear parallelism, with pitch 


ax 


2: Horizontal axes of folds 


Axis of fold, trend and pitch 


Horizontal beds: horizontal foliation 
a planes in gneisses 


Bedding planes, with strike and dip 


\ 
Curving strike of bedding planes 
in folds 


General trend of crumpled beds, with 
{ trend and pitch of axes of folds 


Fracture cleavage, with strike and 


dip 
| 


Vertical fracture cleavage; vertical 
| foliation in eastern area; vertical 
foliation in gneisses 


Westernmost occurrences of crystalloblasts in 
pelite indicated as follows: bi, biotite; 
gt, garnet; ct, chloritoid; st, staurolite ; 
k, kyanite ; si, sillimanite. 


CAMBRIAN- 


Wappinger dolomitic limestone; 


(Crystalline marble east of longitude 
of Poughquag) 


Owt, Tourmaline (dravite) in limestone 


z 
€ 
= 
Poughquag quartzite < 
—— 
€, wee 
Ay 
Pre-Cambrian gneiss, not subdivided +} 


Contacts inferred 
Contacts observed 


Limonite pit 
(Sylvan Lake is an abandoned pit) 


“a 


Quarry 


Fossil locality 


STRUCTURE 


Bedding planes, with linear parallel- 
ism directly down the dip 


< 


Strike and dip of bedding planes, 
with trend and pitch of linear par- 
allelism 


Strike and dip of bedding planes, 
with horizontal linear parallelism 


Vertical fracture cleavage or folia- 
tion (in gneisses), with horizontal 
linear parallelism 


ox: 

Vertical fracture cleavage or folia- 
tion (in gneisses), with pitching 
linear parallelism 


Vertical fracture cleavage or folia- 
tion (in gneisses and highly meta- 
morphosed pelite), with vertical 
linear parallelism 


Strike and dip of fracture cleavage 
or foliation (in gneisses and highly 
metamorphosed sedimentary 
rocks), with trend and pitch of 
linear parallelism 


A-A’ Southern border of Clove 
quadrangle 


Numbers at the sides indicate po- 
sition of cross-sections, Plate 21 


35 


Baven 


GEOLOGY AND STE 
OF CARMEL 


: | SAL) ) Whos 
40’ 
- 


= 


oc 


WILLIAMS &@ HEINTZ CO. WASH 


AND PART 


CONNECTICUT 


~ 
4 


I STRUCTURE OF CLOVE QUADRANG 


W YORK AND 


4, 


NI 


QUADRANGLE 


Scale 


Miles 


Contour interval 20 fee 


Datum is mean sea level. 


| 

| 

— 3 5 Kilometers | 


CROSS SECTIONS THROUGH 


CLOVE QUADRANGLE 


Position of the sections in the quadrangle is indicated 
by the corresponding figure on Plate 20 


LEGEND 


Pre-Cambrian gneiss, foliated 
or massive 


Poughquag quartzite 


Wappinger dolomitic limestone; 
isoclinally folded, crystalline mar- 
ble in eastern part of quadrangle 


Hudson Rive polite: and 
schist east of Clove Valley 


Lenses of amphibolite i in schist 


ae po Pleistocene cover on top of bed rock 


Thrust fault 
(Arrow indicates upuard tof 
adjoining block) 


4 Clove Mtn. 


KAAS 


“Mall 


TUN 


6 


Stormville 


\ 


| 


south shore 


9 Hudson 


Woe as BULL. GEOL. SOC. AM., VOL. 47 
: 
Vip 
Whal 
Late ls 
7 qz Pe 
8 Whaley Late 
White Pond ‘ 


BALK, PL. 21 


East 


Schaghticoke Mtn. 


Poughquag Spur | 


SS 


Pawling 


th shore 


Purgatory Hill 


willis 


Spur 


pegm. Sharparoon Pond Fllis Pond 
Limonite pit 
Bald Mtn. 4 
a \ \ = 
pegm. : 
Vhaley 2 
Latte oel ls. qz. Mt Tom 
aley Late Harlem Vall : 
Wanzer Hill 
\ 
Scale aztoo 4 
1 2 3 4 Miles 


BULL. GEOL. SOC. AM., VOL. 47 


=f / 
/ / 
/ 
/ 
af / 
/ 
/ 
/ 
/ 
& 
‘ 
f- 
/ 
/ 
1, Part , 
/ 
/ 


Scale 
5 


AG 


BARTH, PL. 1 


if 


/ 


10 15 miles 


UNTY AND VICINITY 


LEGEND 


Pre-Cambrian gneisses, undifferentiated 


Early Cambrian Poughquag quartzite 


Cambro-Ordovician Wappinger lime- 
stone; crystalline marble east of lon- 
gitude of Poughquag 


(?Cambro-) Ordovician Hudson River 
pelite; c spacing of dashes indi- 
cates increase of metamorphism 


Lenses of ampibolite in pelite 
and Hartland schist 


Fossil locality 


Faults and thrust faults, observed 
(solid line), and inferred (dashes) 


Thrust fault 
Quadrangle corners 


ORDER OF QUADRANGLES 
Rhinebeck Millbrook Cornwall 


Poughkeepsie Clove New Milford 


West Point Carmel Danbury 


ag 

— 

/ 

/ Ro ye 

: 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 47, PP. 775-850. 4 PLS., 8 FIGS. JUNE 30, 1936 


STRUCTURAL AND PETROLOGIC STUDIES IN DUTCHESS 
COUNTY, NEW YORK 


Part II. PETROLOGY AND METAMORPHISM OF THE PALEOZOIC ROCKS 


BY TOM. F. W. BARTH 


Principle of mineral facies 
Metamorphism in southeastern New York 
General statement 
Muscovite slate facies 
Cyanite schist facies 
Sillimanite gneiss facies 


il 

| 
Porphyroblastic muscovite es 805 
4 Conclusion as to the formation of porphyroblasts......................... 806 me... 
Gneisses derived syntectically from argillaceous slates..................... 810 
Inclusions of schists in dolomite. 814 
Range of stability of argillaceous rock 816 
(775) 


T. F. W. BARTH—PETROLOGY OF PALEOZOIC ROCKS 


Correlation between chemical composition and mineral composition of pelitic 


Cyanite schist facies 
Correlation between chemical composition and mineral composition in cal- 


Composition and origin of the pervading solutions 
Summary and conclusions 
General considerations 


ILLUSTRATIONS 


. Slate with interbedded black and olive-gray layers 

. Ptygmatic veinlet 

. A,,-F,-M-K-projection of the minerals of the argillaceous schists 

. A,,-F,-M-K-projection of the analyzed argillaceous rocks of the cyanite 
schist facies 

. A, C-F-projection of the cyanite schist facies 

. A, C-F-projection of the epidote amphibolite facies 

. A,, F, M-K-projection of the evolution of the syntectic rock series slate > 


. A, C-F-projection of the metasomatic changes in schist fragments enclosed 
in dolomite 


Plate 

1. Geological Map of Dutchess County and Vicinity 
2. Metamorphic rocks 

3. Metamorphic rocks 

4. Metamorphic rocks 


PRINCIPLE OF MINERAL FACIES 


The concept of “mineral facies” of rocks as defined by Eskola is an 
excellent aid to the study and classification of metamorphic rocks. A 
mineral facies, in the sense of Eskola, “comprises all the rocks that have 
originated under temperature and pressure conditions so similar that a 
definite chemical composition has resulted in the same set of minerals, 
quite regardless of their mode of crystallization, whether from magma 
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or aqueous solution or gas, and whether by direct crystallization from 
solution . . . or by gradual change of earlier minerals. . . .”* 

In an area of progressive metamorphism, each successive stage corre- 
sponds to a new mineral facies. It also corresponds to a new zone of 
metamorphism, in the sense used by Barrow ? in his study of the regional 
metamorphic rocks of the Scottish Highlands. Rocks within the same 
zone may be called isofacial, or isograde, as proposed by Tilley,’ who, 
furthermore, proposes the term isograd for a line of similar temperature- 
pressure values. Particularly important isograds are the boundary lines 
of the zones of metamorphism. 

Goldschmidt * applied the name “Facies-Gruppe” to denote the rela- 
tionship of several geologically related facies. For the same thing, Vogt ° 
later used the term facies series. 

The definition of “rock metasomatism” (Broch), “anatexis” and “syn- 
texis” (Sederholm, Eskola), “metamorphic diffusion” and “metamorphic 
differentiation” (Stillwell, Eskola), as well as the term “syntexis,” as 
here defined, are given on page 841. 

METAMORPHISM IN SOUTHEASTERN NEW YORK 
GENERAL STATEMENT 

The rock formations of southeastern New York are shown on the outline 
map (Pl. 1). Paleozoic sediments, forming a northeasterly trending 
geosyncline, have been profoundly modified by intrusion of various kinds 
of magmatic matter, and by mountain folding. Derivatives of the argil- 
laceous sediments are petrographically the most important, and changes 
induced in them by orogenic processes are the chief subject of this paper, 
which was prepared at the Geophysical Laboratory of the Carnegie Insti- 
tution of Washington. 

The metamorphism increases in intensity from northwest to southeast. 
The so-called Hudson River slate exhibits three different mineral facies, 
the “facies group” of the argillaceous rocks. They are, from northwest 
to southeast: (1) muscovite slate facies, (2) cyanite schist facies, (3) silli- 
manite gneiss facies. 

MUSCOVITE SLATE FACIES 

Most of the rolling country northwest of the Hudson Highlands is 
underlain by the Hudson River slate, a black or olive-gray argillite inter- 
bedded with lenses of conglomerate, arkose, or graywacke containing 


1P, Eskola: The mineral facies of rocks, Norsk Geol. Tidsskr., vol. 6 (1920) p. 146. 

2G. Barrow: Geology of Lower Dee-side and the southern Highland border, Geol. Assoc., Pr., 
vol. 23 (1912) p. 275-290. 

8C. E. Tilley: The facies classification of metamorphic rocks, Geol. Mag., vol. 61 (1924) p. 167-171. 

4V. M. Goldschmidt: Die Injectionsmetamorphose im Stavanger-Gebiete, Vid. Akad. Skr. Oslo, 
no. 10 (1929) p. 132. 

5 Th. Vogt: Sulitelmafeltets geologi og petrografi, Norges Geol. Undersk., no. 121 (1927) 560 pages. 
Om serier av mineralfacies med eksempler fra Sulitelmafeltet, Norsk Geol. Tidsskr., vol. 10 (1929) 


p. 454-456. 
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chert. To the east, the slate grades imperceptibly into a lustrous phyllite, 
characterized by rusty cavities indicating oxidation of pyrite, and by 
countless veins of quartz or of quartz and calcite. In most exposures, the 
original bedding planes are distinguishable from secondary cleavage. West 
of Poughquag, the slate is not far from the gneiss of the Hudson High- 
lands. Between the two, however, lies limestone which, at the old Clove 
Valley station, has furnished the gastropod Ophileta, which attests to its 
early Paleozoic age. The biotite isograd is on the west side of Clove 
Valley. West of that line, muscovite is the only recrystallized mineral; 
but immediately to the east is biotite, and, within short distances, garnet, 
staurolite, and cyanite. The biotite isograd, therefore, marks the western 
border of the facies of next higher rank. 


CYANITE SCHIST FACIES 


The term, cyanite schist facies, has been chosen because cyanite is the 
only characteristic mineral of this facies, although it is not necessarily 
found in all the rocks. Isofacial with cyanite-bearing rocks are typical 
biotite-garnet schists, staurolite schist, and some peculiar lime silicate 
schists rich in amphibole and anorthitic feldspar. Augen schists (oligo- 
clase porphyroblast schists) also belong to the same facies. This schist 
belt lies east of the Hudson Highland block, but west of a small pre- 
Cambrian thrust block, known as Corbin Hill, north of Pawling, and of 
a still-smaller one east-southeast of Patterson (PI. 1). 

Some quartz veins in this schist belt carry feldspar, as well as large 
crystals of muscovite and tourmaline, and regular pegmatite masses are 
well developed in the southern half of the belt. 

Changes in the internal structure (isoclinal folding, fracture cleavage, 
and shear planes) of the rock were described by Balk in part I. 

To the east, the schists grade imperceptibly into sillimanite gneisses. 
Although in the field there is no marked difference between the two types 
of rocks, nevertheless, the sillimanite isograd can be accurately mapped, 
and should be regarded, therefore, as the boundary line between the 
cyanite schist facies and the higher-rank sillimanite gneiss facies. 


SILLIMANITE GNEISS FACIES 


The Harlem Valley marks approximately the boundary of the silli- 
manite gneisses. However, as shown on the map, the sillimanite isograd 
intersects the valley at an acute angle. Sillimanite gneisses are found 
in the extreme south on the west side of Harlem Valley (west of Towners). 
As already mentioned, the rocks on both sides of the sillimanite isograd 
are similar, the only difference, which it usually requires the microscope 
to reveal, being that, east of the isograd, cyanite is unstable and is 
displaced by sillimanite. However, structure also is slightly changed. 
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Toward the east, the rocks are coarser and the schistosity less pronounced 
than in the schist facies. On the whole, the rocks are more gneiss-like, 
and, as sillimanite is the characteristic mineral, the facies has been termed 
the sillimanite gneiss facies. But again it is to be understood that not 
all rocks of this facies carry sillimanite. Biotite-plagioclase gneisses are 
representative members of this facies, and, farther southeast, biotite- 
perthite gneisses lie close to the intrusive granites. , 

Pegmatites are numerous in the sillimanite gneisses; on the whole, there 
is obviously a direct relation between the number of pegmatites and the 
grade of metamorphism. 

Lenses of amphibolite that crop out in great numbers east of the silli- 
manite isograd are still more abundant. Such lenses are unknown in 
the rocks of the cyanite schist facies. They are interpreted as early, 
basic intrusives, which have recrystallized during the metamorphism 
under the same conditions as the sillimanite gneiss facies. 

The present paper is concerned with the petrology of the recrystallized 
sediments. The mineral changes in the pelitic rocks, along a profile at 
right angles to the axis of the geosyncline, beginning in the low-grade 
slates northeast of Poughkeepsie, crossing Clove Valley, Harlem Valley, 
the axis of the Hudson-Housatonic Highlands, and ending among the 
highly metamorphic schists and gneisses of the central zone of the 
geosyncline, have been especially studied. The metamorphism of the 
argillaceous rocks farther east, now being studied by W. M. Agar for 
the Connecticut Geological Survey,® is not discussed. : 

Adequate knowledge of the mineral phases is the key to a better | 
understanding of the physical chemistry of the metamorphic rocks. 
Without such, it is impossible to discuss properly any theory of origin 
or evolution. 

Accordingly, the next section is devoted to a description of some of the 
minerals in these metamorphic rocks; optical and chemical mineral data 
are given, thus providing the necessary basis for a quantitative description 
of the rocks themselves. 

MINERALOGY 
MUSCOVITE 


In this series of metamorphic rocks, muscovite is a typical persistent 
mineral. In the argillaceous sediments, it is found in sericitic habit, as ! 
one of the earliest recrystallized minerals; indeed, in most sediments, 
the appearance of muscovite is the first sign of metamorphism. This 
is in accordance with recent studies by Niggli,’ as well as those by Jakob, 


6@W. M. Agar: Thermally metamorphosed diorite near Brookfield, Connecticut, Am. Jour. Sci., 
5th ser., vol. 28 (1934) p. 401-411. 

7P. Niggli: Zur Zusammensetzung und Bildung der Sericite, Schweiz. Min. petr. Mitt., vol. 13 
(1933) p. 84-90. 
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Friedlaender, and Brandenberg.* Synthetic studies by Noll * have shown 
that muscovite will crystallize from gel-like substances at a temperature 
as low as 225°, but, as the rate of crystallization is slow and as no long 
runs were made by Noll, probably the low-temperature limit is even lower. 
Muscovite remains stable throughout all the metamorphic grades. With 
increasing metamorphism, it loses the sericitic habit and forms larger 
plates, usually free from inclusions, but, in still higher stages, many long, 


TaBLe 1—Analyses of muscovites 


1 la 2 3 

100.31 100.09 99.73 100.36 


1. Muscovite from ridge crest, % mile south-southwest of Lake Hammersley, Clove quadrangle. 
Barth, analyst. 

la. The same as 1, recalculated to 100% after subtracting 7% sillimanite and 2% quartz. 

2. Muscovite from North Wales. [A. Hutchinson and W. Campbell Smith: On sericite from North 
Wales and on penninite and labradorite from Ireland, Min. Mag., vol. 16 (1912) p. 264.] 

3. Muscovite from Silvretta (andalusite paragenesis). P. Bearth, analyst. [F. Spaenhauer: Die 
Andalusit- und Disthenvorkommen der Silvretta, Schweiz. Min. petr. Mitt., vol. 13 (1933) p. 332.] 


slender needles of sillimanite are found as intergrowths; indeed, in some 
rocks, a network of sillimanite penetrates the muscovite crystals. 
Niggli '° has contended that much low-grade sericite is abnormally high 
in alkalis, whereas Corbett '* thinks that potash-free or potash-poor seri- 
cite (leverrierite) is the usual product of low-grade metamorphism. In 
the present suite of rocks, there is, however, nothing to indicate any 


8 J. Jakob C. Friedlaender and E. Brandenberg: Uber Neubildung von Sericit, Schweiz. Min. petr. 
Mitt., vol. 13 (1983) p. 74-83. 

®W. Noll: Hydrothermale Synthese des Muscovits, Nachr. Gesellsch. Wiss. Géttingen, Math.-Phys. 
Klasse 20 (1932). 

10 P. Niggli: op. cit., p. 86. 
11 C. 8. Corbett: Leverrierite as a schist-forming mineral, Am. Jour. Sci., 5th ser., vol. 10 (1925) p. 247. 
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change in the chemical composition of muscovite with increasing meta- 
morphism (although certain anomalies in composition will be discussed 
in connection with the recalculation of some of the rock analyses). Optical 
properties are essentially the same, regardless of metamorphic grade. 
Analysis No. 1 in Table 1 is, therefore, considered to be representative 
of most of the muscovites found in this area. 

The optical constants of the analyzed muscovite are as follows: 
2V = 30°-40°, y = 8 = 1.600+ (there are grains of exactly 8 = 1.600, 


Tasty 2—Molecular proportions of muscovite from Lake Hammersley 


Analysis Muscovite Sillimanite | Rest 
768 684 = n X 300 44 40 
3058 2739 = n X 1200 220 100 
Weight (per cent)............. 100.31 90.39 7.10 2.76 


some are slightly higher). The material seemed to be pure except for a 
large number of slender needles of sillimanite, which penetrated the mica 
in all directions. 

Micas have the general formula ’? KX, Y,0,.(OH,F), with 2<n< 3. 
X = Al, Mg, Fe, etc.; Y = Si, Al. The muscovites should approach the 
more simple formula: 2 = 2. By 
the use of this formula, the analysis can be recalculated so as to determine 
the exact amount of sillimanite present. As shown in Table 2, the ana- 
lyzed material was composed of muscovite (91 per cent), sillimanite (7 
per cent), and quartz (2 per cent), which is in complete agreement with 
estimates based on microscopic studies. 

As shown by the molecular proportions, the exact formula for the pres- 
ent muscovite may be written thus: 

(K*Na?Ca®®) (Al?® (Mg,Ti) s0SisoO100(OH) 20. 


121. Pauling: Structure of the micas and related minerals, Nat. Acad. Sci., Pr., vol. 16 (1930) 
p. 123-129. 
18 W. W. Jackson and J. West: The crystal structure of muscovite, Z. Krist., vol. 76 (1930) p. 211-227. 
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BIOTITE 


The significance of biotite as a zonal index in metamorphic rocks was 
pointed out long ago by Goldschmidt, Tilley, and others. In the present 
suite of rocks, the appearance of biotite also indicates that a certain 
stage of metamorphism has been reached. Beyond that stage, biotite 
remains stable up to the highest grades of metamorphism. 

According to Tilley,* the earliest-formed biotites are commonly green 
to brown-green; eventually, the common red-brown tint develops, with 
increasing metamorphism. It has been tentatively suggested that such 
a change in color is due to an increase of FeO; hence, that advancing 
metamorphism usually produces an increase of iron in the biotites. 

Phillips ** analyzed both a low-grade and a high-grade biotite from 
the Green Beds of the Scottish Dalradian, but found no increase in iron. 

In the New York rocks, low-grade and high-grade biotite do not differ 
in color. The first tiny biotite crystals at the biotite isograd exhibit the 
usual pleochroism with a = colorless, y = reddish-brown. Index of 
refraction, y = 1.625. 2V close to zero. Essentially the same optical 
properties are exhibited by all biotites of this area, including the high- 
grade ones. 

It seemed of interest, therefore, to separate biotite from a rock of the 
lowest possible grade of metamorphism, still within the biotite zone. The 
rock selected for this purpose was a quartz-sericite-biotite phyllite from 
Chestnut Ridge settlement, close to the biotite isograd. Under the micro- 
scope, one sees small, irregular, crystalloblasts of biotite scattered through 
the rock. The rock itself has also been analyzed, and a fuller description 
is given as legend to Plate 2, figure 1. 

The biotite was separated with great difficulty, for the crystals are 
extremely fringy around the edges and so intimately mixed with, and 
penetrated by, the other rock constituents as greatly to interfere with 
a clean-cut separation. However, by running the fine powdered rock 
through mixtures of bromoform and methylene iodide several times, and 
letting each run stard a long time to give the flaky biotite a chance to 
settle, a satisfactorily pure material was obtained. The analysis, given 
in Table 3, should be compared with the analysis of a high-grade biotite 
(also separated by heavy liquids) from the selvage of a pegmatite injected 
into the sheared quartzitic schist, with layers rich in muscovite and biotite 
(from the top of Pleasant Ridge, which divides Clove Valley from Harlem 
Valley). 


“C. E. Tilley: Some mineralogical transformations in crystalline schists, Min. Mag., vol. 21 
(1926) p. 34-42. 

% F.C. Phillips: Some mineral and chemical changes induced by progressive metamorphism in the 
Green Beds of the Scottish Dalradian, Min. Mag., vol. 22 (1980) p. 239-256. 
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The chemical formulae of micas have already been discussed (p. 781). 
Although it is no longer possible to look upon biotite as a muscovite 
molecule to which a Mg-Fe-orthosilicate has been added, it seems con- 
venient to retain the old distinction between a muscovite “molecule” and 
a biotite “molecule,” but to modify the term so as to be in harmony with 


Taste 3.—Analyses of biotites 


1 3 3 4 
n.d. 0.02 n.d. n.d. 
8.62 9.80 9.84 14.93 
(2.78) * 3.03 (6.65) * 1.70 
100.00 100.90 100.00 99.82 


* By difference. Theoretical amount for No. 1 is 3.64%. 


1. Low-grade biotite from black phyllite, Chestnut Ridge settlement, Clove quadrangle. Ellestad, 
analyst. 
2. High-grade biotite from contact between schist and pegmatite, east side of Clove Valley. Barth, 
analyst. 
3. Low-grade green biotite, Scotland. Phillips, analyst. 
4. High-grade greenish-brown biotite, Scotland. Herdsman, analyst. [Reference for 3 and 4: 
F. C. Phillips: Some mineral and chemical changes induced by metamorphism, Min. Mag., 
vol. 22 (1930) p. 255.] 


recent developments in crystallochemistry. Generally speaking, a mole- 
cule of mica may be divided into two parts: one part containing silicates 
of Mg, Fe, which should be called the “biotite molecule” (Bi) ; the other 
part, the “muscovite molecule” (Mu), containing only aluminum silicates. 
Easily calculable from molecular proportions, the formula of biotite 
No. 1 is: 


86% Bi (K*Na'Ca’) os 460100 (OH) 20 
14% Mu Kio (Al**Si?5) 460100 (OH) 20 
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Biotite No. 2 has the following formula: 


73% Bi (K™Na?Ca’) 19 460100 [ OH, FJ 20 
27% Mu Kyo 460100[ OH, F] 20 


These analyses show that there is decrease of iron in biotite with 
increasing metamorphism, both in the New York and in the Scottish rocks. 
However, the correlation between the composition of biotite and the degree 
of metamorphism has been tested analytically only in these two areas; 
it is not known, therefore, whether or not this is a general rule. 

In the present rock suite, another factor would exercise greater influence 
on the ratio MgO:FeO in biotite. A peculiarity of the present mineral 


Taste 4.—Ratio FeO:MgO in biotites and the rocks containing them 


hes 5 6 7 10 11 8 12 
Amount of garnet + staurolitet....} 0.0 | 7.0 |13.4 |14.6 |19.4 | 3.0 | 1.0 
FeO0+MnO:MgO in rock......... 1.61 | 2.96 | 3.78 | 2.03 | 1.82 | 1.78 | 2.50 
FeO0+Mn0O:Mg0O in biotite....... 1.57 | 1.83 | 2.00 | 1.26 | 1.11 | 1.55 | 2.14 


Increasing grade of metamorphism——>- 


* Corresponding to the rock numbers in Tables 13, 15, and 17. 
+ In percentage of the whole rock. 


facies is that in several minerals—for example, garnet, or staurolite—FeO 
cannot be isomorphously replaced by MgO (see p. 819). If the bulk com- 
position of a rock is such that any quantity of these “ferrophile” minerals 
(garnet, staurolite, and others) form, they will take up most of the FeO, 
leaving a biotite enriched in MgO. It may be significant that none of 
the ferrophile minerals has formed in the phyllite from which the low- 
grade biotite was separated—and a chemical analysis of the phyllite 
(No. 5, Table 13) shows that no such minerals should form—whereas the 
rock of the high-grade biotite carries garnet. 

A recalculation of the various rock analyses, in terms of mineral mole- 
cules, shows that the ratio FeO:MgO in biotite varies considerably from 
one rock to another. Such a calculation is quite reliable, as the chemical 
composition of many of the constituent minerals is already known. 
Arranged in order of increasing metamorphism of the corresponding rocks, 
the FeO: MgO ratio of the several biotites is as listed in Table 4. 


GARNET 


The garnet isograd has been drawn not far east of the biotite isograd 
in this series of metamorphic rocks. This in itself is perhaps not so sur- 
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prising. Goldschmidt ** found, in the Trondheim district of the Caledonian 
mountains of Norway, first biotite, then garnet at a more advanced stage 
of the metamorphism; but, from the Stavanger district, he *” found the 
opposite sequence. Similarly garnet is reported before biotite in South 
Devon,* and in Devonian slates of Cornwall,’® but, in most other areas, 
biotite comes first. It must be added, however, that in all known cases 
the low-grade garnets have been shown to be highly manganiferous. 


Taste 5—Content of MnO in garnets from Dutchess County 


Content 
(per cent) 
Garnet from of MnO 
in garnet 
(1) Low-grade quartz-garnet-chlorite schist; east of Clove. Rock analysis 
(2) Medium low-grade garnetiferous phyllite (very little biotite). Chest- 
mt Rock analysis in Tale 1.23 
(3) Medium grade garnet staurolite sericite schist. Northwest of Dover 
Furnace. Rock analysis in Table 13....................0000000- 1.00 
(4) High-grade garnet muscovite-biotite schist; Bald Mountain. Mineral 


Goldschmidt gives a particularly illuminating series of analyses from 
the Stavanger district, showing how the early formed garnets are as high 
as 12 per cent to 13 per cent in MnO; whereas, the high-grade garnet 
of the garnet-biotite association is an ordinary member of the almandite 
series. Although the garnets of the present rock series are not high in 
manganese (Table 5), they have, nevertheless, formed at an unusually 
early stage, compared to biotite, for there seems to be no other example 
of ordinary almandite making its appearance as early as biotite. How- 
ever, what here seems to be an advancement of the garnet may, of course, 
just as well be a postponement of the biotite. It does look as if the 
biotite were late in these rocks (p. 782), where the absence of greenish 
biotite is discussed; also, p. 791, regarding the association of early biotite- 


16 VY, M. Goldschmidt: Die Kalksilikatgneise und Kalksilikatglimmerschiefer des Trondhjem-Gebiets, 
Vid. Akad. Skr. Oslo, no. 10 (1915) 37 pages. 


17V. M. Goldschmidt: Die Injekti t phose im St ger Gebiete, Vid. Akad. Skr. Oslo, 
no. 10 (1920) 142 pages. 

18 C, E. Tilley: Petrology of the metamorphosed rocks of the Start Area, Geol. Soc. London, Quart. 
Jour., vol. 79 (1923) p. 172. 

2% F, C. Phillips: Metamorphism in the Upper Devonian of N. Cornwall, Geol. Mag., vol. 65 
(1928) p. 541-556. 
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calcic plagioclase), although the reason for this impeded crystallization 
is obscure. 

The index of refraction of various garnets was determined, and the 
variation found was small. For all garnets, a value of 1.810 + 0.005 
seems to be correct; even the garnets from the pegmatites (quartz- 
oligoclase pegmatites) have the same index of refraction. This indicates 
that all garnets of the present area have essentially the same composi- 
tion, regardless of the metamorphic grade.*® A garnet of the garnet- 


TaBLe 6.—Analyses of garnets 


I II 

TiO. 1.04 n.d. 
22.87 21.58 
32.45 36.69 
1.77 n.d. 
1.83 2.31 
2.04 1.89 

99.94 100.05 


I. Garnet from Bald Mountain. Barth an- 
alyst. 

II. Garnet from Redding, Conn. Sperry, an- 
alyst. [W. E. Ford: A study of the 
garnet group, Am. Jour. Sci., 5th ser., 
vol. 40 (1915) p. 33.] 


muscovite schist from Bald Mountain (Clove quadrangle) was selected 
for chemical analysis. Index of refraction: 


n= 1.810 + 0.005, 


which, according to Eskola’s tables,?* corresponds to 80 per cent almandite 
and 10 per cent grossularite. As seen from the analysis (Table 6), the 
chemical formula may be written as follows: 


(Fe,**Mn,*Mg,°Ca’) seoAlsco (Si0,) 300+ 


2 This is, thus, quite different (especially in the case of the pegmatite garnets) from what is 
reported elsewhere. In addition to the papers by Goldschmidt, Tilley, and others quoted before, 
see also: 

Radim Novééek: Grandty Ceskoslovenskjch Pegmatiti, Z. Véstnik Krél. Ces. Spol. Nauk, Prag 
1932, Class 2, p. 1-55. 

B. Gossner and E. Ilg: Beitrag zur Mineralogie des Bayrischen Waldes, Centr. Min., Abt. A 
(1932) p. 1-12. 
21 P. Eskola: The eclogites of Norway, Vid. Akad. Skr. I, Oslo, no. 8 (1921) p. 9. 
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With this analysis is compared an analysis of a garnet from Redding, 
Connecticut, found in the same kind of rock, but 30 miles to the southeast. 
Its formula is: 

sooAleoo (SiO4) soo. 

These garnets are from highly argillaceous rocks, but, within the area 

of the cyanite schist facies, garnet is also found in calcareous rocks, asso- 


Taste 7.—Length of the edge of the unit cell, ac, and index of refraction, n, of garnets 


a, n 
No. 3. Garnet from lime silicate schist, half mile west 
No. 1. Almanditic garnet from Bald Mountain (for 


ciated with anorthitic plagioclase, hornblende, and even epidote (see under 
lime silicate schist, page 823). 

This paragenesis is so similar to that of certain skarn rocks that it 
seemed probable that the garnet would be a grossularite. However, as 
shown by its physical properties, this garnet is also almanditic. 

In order to appraise correctly the value of the physical constants of a 
garnet, it should be borne in mind that the index of refraction is not 
sufficient to identify a member of the garnet group. Knowledge of the 
specific gravity or the nature of the adjacent rock is also needed.?* In the 
present case, where the presence or absence of a lime garnet is important, 
determination of the lattice spacing is of particular value. According 
to Menzer,?* the calcium-bearing garnets have a larger unit cell than the 
calcium-free garnets: 


Grossularite and andradite, a, « 11.90 A. 
Almandite and pyrope, a « 11.50A. 


Variations in the lattice spacings are, therefore, principally caused by 
variations in CaO. 

X-ray measurements of the garnets are listed in Table 7. As shown 
from this table, there is not much difference between the garnet from the 


22H. v. Philipsborn: Bezieh ischen Lichtbrechung und chemischer Zusammensetzung in der 


Granatgruppe, Sdchsische, Akad. Wiss. Math.-Phys. Kl. 40, no. 3 (1928) p. 1-43, where also the older 


literature is quoted. 
23G. Menzer: Die Kristallstruktur der Granate, Z. Krist., vol. 69 (1929) p. 300-396. 
See also: C. H. Stockwell: An X-ray study of the garnet group, Am. Min., vol. 12 (1927) 


p. 327-344. 
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lime silicate schists and the Bald Mountain garnet, which has been shown 
chemically to be almanditic (Table 6). The difference in spacing is only 
0.040 A,** which, according to the values of Menzer, corresponds to about 
¥4 » of the difference between almandite and grossularite. It can be con- 
cluded, therefore, that garnet No. 3 is essentially almanditic, but contains 
about 10 per cent more of the grossularite (and andradite) molecule than 
does No. 1, and as No. 1 has 7 per cent grossularite, No. 3 must have 
17 per cent. Its formula would be essentially: 


Mg’) s00Aleo0 (SiOx) s00 


in which, however, part of Al™ is replaced by Fe™. These data indicate 
that the composition of the garnet (except the garnet of some typical 
skarn rocks, which is grossularitic *°) remains fairly constant all over 
the area. 
STAUROLITE 

Although crystals of staurolite may be found, here and there, in rocks 
of moderate- to high-grade metamorphism from any place in the area, 
such crystals are, generally speaking, restricted to a long, narrow strip 
along the eastern spur of Chestnut Ridge (west side of Harlem Valley). 
Here, it tends to occur near contacts with dolomitic marble. Commonly, 
just a “film” of the schist along the contact carries staurolite, the rest 
of the schist being almost devoid of it. Within this small area, it is well 
developed in long, stout prisms (5 centimeters long, and more), commonly 
in cross-twins of the usual habit. The optic angle is close to 90 degrees, 
usually optically positive. The dispersion is strong with r >v about 
bisectrix y. The pleochroism is typical with: y = golden orange, 8 = pale 
brownish yellow, a = pale brownish yellow. The indices of refraction, 
as determined in Na-light, are: a = 1.740 + 0.002, 8 = 1.754 + 0.005, 
y = 1.769 + 0.005. Probably, the high content of TiO, is respon- 
sible for both the high refractive indices and the strong dispersion of 
the optical axes. All the crystals carry numerous inclusions, mostly 
quartz, making it difficult to obtain pure material for chemical analysis. 
However, repeated separations, both with heavy liquids and with a strong 
electro-magnet, removed all contaminations except quartz. As the chief 
object of the analysis was to determine the amount of MgO substituting 
for FeO, the powder was found satisfactory for this purpose and was, 
therefore, analyzed (Table 8). 


% Although the absolute values of ao are accurate only to 0.010, the relative values are good 
to 0.001 A. (Both X-ray photographs were taken on the same film, thus allowing accurate measure- 
ments of the diff in spacing.) 

*5'W. M. Agar and P. Krieger: Garnet rock near West Redding, Connecticut, Am. Jour. Sci., vol. 24 
(1932) p. 68-80. 
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The high content of TiO, is significant. Apparently, the only stauro- 
lite analyses in which TiO, has been determined are those of Horner,?* 
who found 0.73 per cent and 0.77 per cent TiO, in two staurolites from 
Switzerland. 

CYANITE AND SILLIMANITE 

Andalusite has not been observed in any of the rocks. Although most 
of the low-grade schists have a chemical composition appropriate for the 
formation of an aluminum silicate, none is formed below the biotite-garnet 
isograd. At this stage, cyanite is found, commonly associated with stau- 
rolite. Porphyroblastic cyanite is found, but tiny needle-like crystals 


Taste 8.—Incomplete analysis of staurolite * 


*Southeast of Pleasant Ridge, Clove quadrangle. Barth, 
analyst. The material was contaminated with about 14% 
quartz. 

t Total iron as Fe,O,. 


in the groundmass of the material of the shear zones (p. 808), are quan- 
titatively more important. This occurrence has special significance. The 
material deposited along shear zones has crystallized from relatively 
water-rich silicate solutions (p. 807), and cyanite has, therefore, also 
crystallized directly from a solution, and apparently in this case did 
not depend on the action of shearing stress for its formation. In a sug- 
gestive paper, Eskola ** commented on Harker’s “stress and anti-stress 
minerals,” ** contending that many of the so-called stress minerals may 
be formed also without stress action. Thus, the present mode of occur- 
rence of cyanite is in harmony with Eskola’s view. But it still remains 
to be explained why cyanite never has been observed in true hornfels.** 

On the other hand, the existence of anti-stress minerals seems to be 
real. Eskola also agrees to this and mentions that cordierite and anda- 
lusite may be such. It is significant, therefore, that andalusite (as well 


Hérner: Inaugural Dissertation, Heidelberg (1915). 

%7P, Eskola: Note on diffusion and reactions in solids, Soc. géol. Finlande, C. R., vol. 8 (1934) 
p. 1-14; The réle of pressure in rock crystallization, Comm. géol. Finlande, Bull. 85 (1929). 

% A, Harker: Metamorphism (1932) see esp. p. 147-151. London. 

%C. E. Tilley: The réle of kyanite in the “‘hornfels zone” of the Carn Chuinneag granite (Ross-shire), 
Min. Mag., vol. 24 (1935) p. 92-97. 
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as cordierite) has not formed in the present suite of rocks, although chem- 
ical conditions have been favorable for its formation. 

The optical properties of cyanite are as follows: 

The mean index of refraction, 8, is close to 1.720; the axial angle is 
negative, 2V = 84°, a forms an angle of 4° with the normal to (100), 
and the extinction on (100) is y : trace of (010) = 30°; much of the 
cyanite is twinned, according to the following law: Twin axis = a-axis, 
composition plane = (001). Multiple twins according to this law have 
also been observed. 

At higher stages of metamorphism, cyanite gives place to sillimanite, 
which remains stable in all higher stages of the regional metamorphism, 
as well as in the contact zones around the intrusive bodies. 

It is possible to map the border between cyanite-bearing and silli- 
manite-bearing schists, and the existence of a sillimanite-isograd is, there- 
fore, well established. 

From other parts of the world, the paragenesis cyanite-sillimanite is 
known; even all three aluminum silicates, sillimanite-cyanite-andalusite, 
have been found in the same rock. But most authors agree that in such 
cases the minerals are not contemporaneous but have been formed in 
succession.*® The formation of those in Silvretta and at Munt Plata 
Naira (Switzerland) has been ascribed to an interference of regional 
metamorphism and contact metamorphism.*! 


FELDSPAR 


Potash feldspar is absent from most of the metamorphic rocks of the 
area, the original potash content of the sediments having been completely 
used up in the formation of biotite. Only in the injected gneisses close 
to the intrusives, and steeped in potash-bearing solutions, is perthitic 
potash-feldspar found. It is, therefore, the chemical, not the thermody- 
namical, conditions that prohibit the crystallization of potash feldspar 
in rocks of low and medium grades of metamorphism. Potash-feldspar 
is also absent from the pegmatites and from all low-temperature veins 
penetrating the schists. It has been found, however, in almost all the 
low-temperature veins penetrating the dolomitic limestones. Small crys- 
tals of potash feldspar behave like orthoclase, with no visible twinning 
and parallel extinction on the base. The larger crystals, however, usually 
exhibit microcline habit, with typical cross-hatching on the base. Indices 


©. H. Erdmannsdérffer: Uber Disthen-Andalusitparag , Sitz. Heidelberg Akad. Wiss., 
Math.-Nat. Kl., Abh. 16 (1928). See also papers dealing with the petrography of the eastern Alps; 
A. Kieslinger: Geologie und Petrographie der Koralpe, Sitz. Ber. Akad. Wiss. Wien, Math.-Nat. KI1., 
135, Abt. 1 (1926) p. 8. F. Angel: Mineralmorphologische Bemerkungen zum mittelsteirischen Kris- 
tallin, Min. petr. Mitt., vol. 35 (1922) p. 111-116. 

%1P. Bearth: Geologie und Petrographie der Keschgruppe, Schweiz Min. petr. Mitt., vol. 12 (1932) 
p. 250-280. 
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of refraction of a microcline crystal from a vein in dolomite, half a mile 
east of South Dover, were as follows: 
a = 1.520, y= 1.526 (Na-light), 
indicating almost pure KAISi,Os. 
A mineral, thought to be anorthoclase, was observed in a tremolite vein 


intersecting marble a mile south-southeast of Mt. Tom (Clove quad- 
rangle). Birefringence is low; average index of refraction is 1.525; the 


9.—Some plagioclase parageneses 


Plagio- 

clase 

(Per Musco- Gar- | Chlori-| Horn- Stau- | Cya- | Silli- 

cent of (Quartz vite Biotite net | toid | blende Zoisite rolite | nite |manite 

An-mo- 

lecule) 


optical angle is negative, around 60 degrees. In some grains, extremely 
thin twin lamellae have been observed. In skarn rocks, also, potash feld- 
spar has been found (p. 796). 

Plagioclase is an important mineral in most of the rocks. The compo- 
sition varies widely from pure albite to almost pure anorthite (the most 
calcic plagioclases have ca. 90 An). Zoning is not common, and it is 
difficult to correlate the composition of the plagioclase with the grade of 
the metamorphism, for, as soon as the biotite-garnet isograd is passed, 
anorthitic plagioclase is as common as oligoclase (Table 9). Turner,*? 


32, J. Turner: The genesis of oligoclase in certain schists, Geol. Mag., vol. 70 (1983) p. 529-541; 
The metamorphic and intrusive rocks of South Westland, New Zealand Inst., Tr., vol. 63, pt. 2 
(1933) p. 178 et seq. 
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who made a special study of the genesis of plagioclase in schists, and 
summarized the earlier literature, contends that the percentage of anor- 
thite in plagioclase increases with increasing metamorphism, that oligo- 
clase is attained at a grade comparable with the almandine zone, and 
that in higher grades the anorthite percentage increases much more 
rapidly. He agrees with Harker ** that, under contact metamorphic 
conditions, anorthite can form at a much lower stage. 

Such considerations may, or may not, account for the irregular dis- 
tribution of calcic plagioclase in the area under discussion. 

Albite is a common constituent in the hydrothermal quartz-bearing 
veins intersecting the schists. The pegmatites usually carry oligoclase. 
Potash feldspar has not been observed in either. 


TOURMALINE 


Tourmaline, coating the walls of bedding and shear planes, is found in 
large quantities, especially in quartzite. It is also found scattered over 
the whole area, in all kinds of rocks. It seems worthy of special emphasis 
that it extends westward far into the fossiliferous rocks of Paleozoic 
age, thus testifying to a low-grade pneumatolytic metamorphism, far 
away from the granitic intrusions, which undoubtedly were the source 
of the pneumatolytic solutions. Low-grade tourmaline in fossiliferous 
late Cambrian dolomite, just southeast of Beekman, has the following 
indices of refraction: 

€ = 1.612, colorless 
@ = 1.635, colorless. 


High-grade tourmaline in highly contorted Poughquag quartzite, half a 
mile east of the east-west bend of Tenmile River, has the following indices 
of refraction: 

€ = 1.632, light yellowish brown 

@® = 1.663, dark, dirty brown 


According to these properties,** the low-grade tourmaline is an iron- and 
calcium-free dravite, NaMg;A1,B;Si,0..(OH),; but the high-grade tour- 
maline is of the common kind, with a medium content of FeO and Fe,0; 
and the usual ratio Ca: Na. 


HORNBLENDE 


Hornblende is found in highly calcareous rocks only. It becomes stable 
on the high-grade side of the biotite isograd, and remains stable up to 
the highest stages of metamorphism. In medium grade rocks, it is stable 


8A. Harker: op. cit., p. 93. 
*E. S. Larsen and H. Berman: The microscopic determination of the nonopaque minerals, U. 8. 
Geol. Surv., Bull. 848 (1984) p. 247. 
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in contact with calcite and dolomite, but, in the high-grade rocks, diopside 
develops between hornblende and calcite. In rocks of the lime-silicate 
schist type, it is associated with anorthitic feldspar. The optical prop- 
erties are: 2V large, usually negative, c:y = ca. 16°. Highest index of 
refraction is around 1.680, the lowest 1.660. Index £ is usually between 
1.670 and 1.675, indicating a ratio MgO:Fe = 1. 


Tastz 10.—Chemical composition of hornblendes 


1 2 
8.1 12.0 
99.9 100.1 
1.675 1.660 
BV 90° 90° 


1. Hornblende from lime silicate schist. Com- 
position calculated from rock analysis 
No. 16 in Table 18. 

2. Hornblende from schist inclusion in dolo- 
mitic marble. Composition calculated 
from rock analysis No. 17 in Table 18. 


A recalculation of the rock analysis gives the composition of two horn- 
blendes as shown in Table 10. Hornblende is also common in schist 
inclusions in dolomitic marble. Here, the indices of refraction are some- 
what lower, but the other properties resemble those of the hornblende 
of the lime-silicate schists. 

Tremolite is found disseminated in dolomite as well as in veins. The 
optical properties are c:y = 18°; a= 1.610, y = 1.630, indicating almost 
pure tremolite. 

Glaucophane has also been observed. Its mode of occurrence is, how- 
ever, quite different from that of the ordinary hornblende. It is found 
in some of the patches of chlorite schists on the east side of Clove Valley. 
Most of the chlorite schists do not carry glaucophane. An analysis of 
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a glaucophane-free type is given in Table 19. An alkali determination 
of a glaucophane-bearing type gave K,O0 = 0.92, Na,O = 0.57—i.e., ap- 
preciably higher than in the ordinary chlorite schist. Most of the potash 
of this rock enters glaucophane, but there is also a small amount of biotite, 
accounting for some of the potash. 

Glaucophane is not stable in any of the rock types generally found in 
this area. It seems to be the product of some special thermodynamic 
conditions acting locally in a small restricted area on the east side of 
Clove Valley. 

The optical properties of glaucophane are: (—)2V = 60°, b = 8, 
c:y = 7°, a= 1.663, yellow; 8 = 1.680, green; y = 1.692, blue, + 0.004. 

CHLORITE 


The development of chlorite in this area is peculiar and, in several 
respects, quite at variance with what is known from other areas. As 
already mentioned in connection with biotite, no “chlorite zone” precedes 
the “biotite zone” in these rocks. Indeed, in the truly argillaceous type 
of slate, chlorite does not seem to form at any stage of the metamorphism. 
Chlorite forms only in some rare rocks, of a rather specialized chemical 
composition (see analysis in Table 19), in which it is apparently restricted 
to a stage of metamorphism close to the biotite isograd. Thus, the 
stability range is limited. 

Knowledge of the low-grade chlorites is limited. From the rock anal- 
ysis, Goldschmidt ** has calculated the composition of a chlorite in a 
quartz-muscovite-chlorite phyllite of the Stavanger district. The com- 
position of the present chlorite can also be calculated from the rock 
analysis, with satisfactory approximation, for the only other essential 
minerals of the rock are quartz and garnet, the composition of which is 
well known. The results of these calculations are given in Table 11. The 
chlorite shows the following properties: Essentially uniaxial with a low, 
but plainly visible, negative birefringence (B « 0.005). Index of refrac- 
tion 8 = 1.641. According to the studies of Orcel ** and Winchell,’ these 
properties would indicate a ratio FeO: MgO + (CaO) about 7:3, and a 
ratio Al:Si = 2:3. 

According to Pauling,** the general formula for chlorites is— 

XmY,0,.(O0H), where Y, = (Si,;Al) to (Si,Al.) and 4 << m < 6, 


but usually close to 6. 


% V. M. Goldschmidt: Die Injekti t phose im St ger-Gebiete, Vid. Akad. Skr. I, Oslo, 
no. 10 (1920) p. 59. 

%6 J. Orcel: Recherches sur la composition des chlorites, Soc. min. France, Bull., vol. 50 (1927) 
p. 75-456. 

87 A. N. Winchell: Additional notes on chlorite, Am. Min., vol. 13 (1928) p. 161. 
%L. Pauling: Structure of the chlorites, Nat. Acad. Sci., Pr., vol. 16 (1980) p. 578-582. 
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In accordance with Table 11, the formula for the present chlorite can 
be written thus: 


[Fe**Mg*Ca°Ti?Al*] 60 [OH] 80° 


Without doubt, this chlorite is primary, in the sense that it formed during 
progressive metamorphism. But in another rock type—a porphyroblastic 


Taste 11—Chemical composition of chlorite 


1 2 3 
17.4 18.3 13 
FeO + Mn0O...... 33.0 26.4 23 
4.3 | 10.1 16 
9.3 12.9 16 


100.0 99.8 98 


1. Chlorite from quartz-garnet-chlorite phyllite east of 
Clove Valley. The position corresponds to the 
formula 

)eo( Al29Si™ )400100(OH 

2. Chlorite from the Stavanger district. 

3. Chlorite from porphyroblastic albite schist, south- 
southwest of Dover Plains. 


albite schist (p. 803)—another kind of chlorite was found. It has the 
properties of prochlorite with pleochroism in green colors, almost uniaxial 
positive with low birefringence. It is found in well-terminated crystals, 
as interlaced lamellae and rosettes between the plates of muscovite. Its 
chemical composition, as inferred from a recalculation of the rock analysis, 
is shown in Table 11. This chlorite may be secondary, although not 
necessarily so. 
CHLORITOID 

Chloritoid *® is found on the east slope of Clove Valley. It exhibits 
all the characteristics of this mineral; crystalloblasts scattered all through 
the rock, with no obvious relation to the direction of schistosity, and 
containing inclusions, especially quartz and the typical dustlike particles 


% A note on this mineral has already been published [T. F. W. Barth and R. Balk: Chloritoid from 
Dutchess County, New York, Am. Min., vol. 19 (1984) p. 345-350]. 
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so frequently described, as well as small grains of garnet and tiny flakes 
of muscovite. 

Chemical investigation proved it to be essentially H,FeAl,SiO, (in 
which a small amount of Fe™ and Mg substitutes for Al and Fe™ respec- 
tively). 

The pleochroism corresponds to the known adsorption scheme for 
chloritoids: 


a = pale gray-green 
B = slate-blue 
y = yellow, almost colorless. 


The indices of refraction are slightly variable; on one crystal the 
following measurements were made: 


a = 1.722, 8 = 1.725, y = 1.728, all + 0.002 (+-)2V ca. 60°. 


The optical orientation and crystallographic symmetry of chloritoid 
are disputed. In a previous paper, the writers contended for a mono- 
clinic symmetry, and rather extensive X-ray studies, which have since 
been carried on, have fully sustained that contention. The optical orien- 
tation, however, seems to be susceptible of greater variations than hereto- 
fore noted. The crystallographic b-axis seems usually to coincide with 
index a, but in some chloritoids the axial angle may become small, pass 
through zero, and open up in a plane parallel to (010)—this will be 
discussed in a forthcoming paper on the crystal structure of chloritoid. 


SKARN MINERALS 


Skarn rocks of this area are typically developed only in the zone of 
highest metamorphism, close to the intrusive rocks. A great variety of 
minerals was found, but no detailed description of them will be given 
here, for they are of no particular consequence in the study of regional 
petrography of the area. Typical minerals are: diopside, titanite, scapo- 
lite (70 per cent meionite), garnet (grossularite), epidote, and a peculiar 
orthoclase, remarkably homogeneous, without any trace of twin devel- 
opment. 

PETROGRAPHIC DESCRIPTION 
ARGILLACEOUS SLATE 


_ The mode of occurrence and the distribution of argillaceous slates 
have already been described. These rocks are aphanitic or very fine- 
grained, and are decidedly fissile. They are olive-gray or quite black 
where much carbonaceous matter is present. In several places, thin beds 
of black slate (about an inch thick, or less) alternate with beds of gray 
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slate, resulting in a conspicuously stratified rock (Fig. 1). The only 
recrystallized mineral in the typical slate is muscovite, which is sericitic 
in habit, and usually, as revealed by the microscope, concentrated in 
thin layers separated by quartz-rich layers. Parallel orientation of the 
sericite prevails, thus imparting to the rock a fissility which may or 
may not, coincide with the primary stratification of the rock. 
Additional constituent minerals of the slate are clastic quartz and 
albite, and an indefinable “colloidal” substance of brownish color, obvi- 


Ficure 1—Slate with interbedded black and olive-gray layers 
From ledge, 1% miles west of Lagrangeville, Poughkeepsie quadrangle. 


ously containing hydroxides of iron as an essential component. Acces- 
sories are pyrite, magnetite, and clastic zircon. 

With increasing metamorphism, this kind of slate, which is typically 
developed in the Poughkeepsie and Millbrook quadrangles, gradually 
assumes a more metamorphic habit. Sericite crystals are somewhat 
larger, attaining a length of %o 9 millimeter, and the clastic quartz grains 
recrystallize, obliterating any residual structure. Small rod-like crystals 
of apatite and tourmaline can be identified in rock from the area just 
west of Clove Valley. Peculiar veinlets, probably the pathways of 
hydrothermal solutions, composed of larger crystals of quartz and musco- 
vite, traverse the slate. On a small scale, they resemble the well-known 
ptygmatic pegmatite veins of the crystalline schists (Fig. 2). 

These changes, which, in the field, are manifest through a more lustrous 
appearance of the slate, become perceptible first in the easternmost parts 
of the Poughkeepsie quadrangle and in the northwestern parts of the 
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Clove quadrangle. Farther east, the slate grades rapidly into a com- 
pletely recrystallized, lustrous phyllite, and, eventually, into biotite and 

garnet-bearing schists. 
As the slate represents the original sedimentary material, which later 
was modified by metamorphism, it is of fundamental importance to ascer- 
tain, as accurately as possible, its 


chemical characteristics, as well 


as its range of chemical variabil- 
ity. For chemical analysis, four 
specimens, differing as much as 
possible in outward appearance, 
were chosen from different parts 
of the area. The analyses are 
listed in Table 12. From them, 
the quantitative mineralogical 
content of the slates can be cal- 
culated. 

For the composition of the mus- 
covite of the slates, the analysis 
of muscovite from Lake Ham- 
mersley (No. 1, Table 1) was 
used; this muscovite shows the 
same optical properties (within 
the error of measurement) as does 
“g@ the slate muscovite. In slate No. 

1, however, a deficiency of 1.1 
bones per cent Al,O; was found, if it be 
veinlet assumed that all K,O enters into 
Mountain. been assumed that in this rock an 
equivalent amount of Fe,O, (1.7 

per cent) makes up for this deficiency. 

“Hydroxides,” as used in the table, refers to the brown, amorphous sub- 
stance found in all these slates and already alluded to on page 797. 
According to the calculations, this ubiquitous substance is composed 
essentially of hydroxides; whether, or not, silica gel is also present cannot 
be ascertained; in the table, all silica not used for micas and albite has 
been reckoned with quartz. With this assumption, the composition of 
the “colloids” becomes as given in the bottom part of Table 12. 

Table 12 shows that the slates are rather uniform in composition (this 
becomes still more evident if the passive réle of silica be borne in mind). 


5 wm. 


: 
5 
4 
4 
4 
2 
i 
= 
f 


PETROGRAPHIC DESCRIPTION 


TasBie 12.—Chemical and mineralogical composition of slates 


Chemical Composition 

1 2 3 4 
0.56 0.89 1.18 0.66 
3.92 5.80 5.56 5.16 
0.18 n. d. n. d. n. d. 
100.04 99.69 99.62 99.52 

Mineral Composition 

1 2 3 4 

10.1 11,4 14.6 12.0 

99.2 99.5 99.4 

Composition of the ‘‘Hydroxides” (in percentage of the whole rock) 

1 2 3 4 

0.3 0.6 0.7 0.3 

10.1 11.4 14.6 12.0 


1. Olive-gray slate, 1% miles west of Lagrangeville, Poughkeepsie quadrangle. 
2. Black slate, road-cut north of Moores Mills, Clove quadrangle. 
3. Olive-gray slate, Hill 780, 1 mile southwest of Clove Mountain, Clove quadrangle. 


analyst. 


4. Black phyllitic slate, half a mile north-northwest of Beekman. Clove quadrangle. Ellestad, analyst. 


A. Willman, analyst. 
A. Willman, analyst. 


Ellestad, 
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Chemically, they are characterized by a high content of Al,O;, and min- 
eralogically, by the presence of muscovite. Slates of very low-grade 
metamorphism (Nos. 1 and 2) probably do not contain recrystallized 
albite, and it is a question whether as much clastic albite as that given 
in the table for rocks Nos. 1 and 2 actually exists in these rocks; prob- 
ably, only part of the albite is present as such, the rest being “potential” 
and now represented in “colloidal” state. 

Chlorite has not been observed in these slates; the colloidal substances, 
therefore, do not form chlorite, but, in spite of a seemingly suitable com- 
position, remain amorphous up to the very limit of the biotite isograd. 
At this stage, the colloidal substances, through adsorption of potash, 
become “homdisochemites” for biotite (not for chlorite); only in certain 
rocks, of specialized chemical composition, has chlorite been observed 
(p. 794). The writers are unable, however, to offer any suggestion as to 
why the crystallization of chlorite is impeded in the slates. 

According to recent studies by Turner,*® stilpnomelane is a mineral that 
commonly antecedes and substitutes for biotite in low-grade rocks, but 
this mineral has not been observed in these slates (p. 782). 

The mechanism of the initial crystallization of biotite is well exhibited 
by rock No. 4, phyllitic slate, half a mile north-northwest of Beekman. 
Thin sections of this rock show that tiny patches, crystalloblasts in statu 
nascendi, of biotite developed directly from the colloidal substance. The 
amount of biotite in this rock is small, hardly one per cent, and most 
of the colloidal substance is still intact, thus indicating that the specimen 
was exactly on the biotite isograd. 


PELITIC SCHISTS 


For convenience, the beginning of the schist phase is considered as 
at the biotite isograd. On the low-grade side of this isograd, the slate 
has a lustrous appearance, warranting the name phyllite. The distinc- 
tion here made is entirely arbitrary and of no importance geologically. 
One rock of this kind, a phyllitic slate, has been described in the preced- 
ing section (rock No. 4). Farther east, on the high-grade side of the 
biotite isograd, all rocks are entirely recrystallized. They are greenish- 
gray to black (carbonaceous matter still being present in some of the 
low-grade biotite phyllites) with well-developed fissility. Small crys- 


«© F. J. Turner: Schists from the Forbes Range and adjacent country, Western Otago, Roy. Soc. 
New Zealand, Tr., vol. 64 (1924) p. 161-174. 
F. J. Turner and C. O. Hutton: Stilpnomelane and related minerals as constituents of schists 
from Western Otago, New Zealand, Geol. Mag., vol. 72 (1935) p. 1-8. 
The possible importance of stilpnomelane in low-grade metamorphic rocks was pointed out by 
A. F. Hallimond [Min. Mag., vol. 20 (1924) p. 193] and by F. F. Grout and G. A. Thiel [Notes on 
stilpnomelane, Am. Min., vol. 9 (1924) p. 228]. Crystallochemicaily stilpnomelane has been shown 
to be intermediate between mica and chlorite by Julius Holzner [Centralbl. f. Min., Abt. A (1934) 
p. 299-305]. 
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talloblasts of biotite, larger and more easily visible toward the east, 
are typical. Crystalloblasts of garnet are found just east of the isograd; 
at approximately the same place, some staurolite and cyanite is found, 
locally developing large crystalloblasts. This is in the middle of the 
schist phase, which extends (and, again, an arbitrary division is made) 
up to the sillimanite isograd, where the sillimanite gneisses are found. 

Common constituents of the groundmass of the phyllites and schists 
are quartz, muscovite, and plagioclase. Apparently dependent only on 
the pristine composition of the rock, the plagioclase may have any com- 
position between albite and labradorite, for, even in the low-grade phy]l- 
lites, labradoritic plagioclase is found locally (p. 791). 

In the low-grade phyllites, the groundmass is fine-grained and gen- 
erally carbonaceous; with increasing metamorphism, it becomes clear 
and well crystallized, and, in typical schist, the individual crystals attain 
a size of a millimeter in the groundmass and 50 millimeters in the 
phenocrysts. 

The optical properties and chemical composition of the several minerals 
that make up the phyllites and schists have been discussed in a preceding 
section. The photomicrographs and the short petrographic descriptions 
of five typical schists (Pls. 2, 3, 4,) supplement these statements, so 
that the more important question of the composition of the rocks them- 
selves can at once be approached. 

A series of analyses has been made in order to show the chemical 
development of the phyllites and schists along a profile, extending from 
the biotite isograd, in the west, far into the schist phases, in the east. 
These analyses are listed in Table 13, in order of increasing metamor- 
phism. From them, the quantitative mineralogic composition of the 
rocks can be calculated (see bottom part of Table 13). 

The procedure of calculation has been to use rigorously the mineral 
analyses of muscovite, biotite, garnet, and staurolite, as given in an 
earlier section, except that the ratio MgO:FeO in biotite has been allowed 
to vary in accordance with the corresponding ratio in the rock—but 
always the formula of biotite (No. 1, Table 3) has been followed. The 
composition of the plagioclase in each rock has been determined optically. 
When the various oxides of the rock analyses were thus distributed, there 
were small discrepancies as follows: Rock No. 5, 0.0; rock No. 6, 
Al,O; = +1.0; rock No. 7, Fe,.0; = —0.1; Al,O; = —0.8; rock No. 8, 
FeO; = —.02, MgO = +0.1. (In order not to make the calculation 
too complicated, the minor oxides, TiO., MnO, and H,O, have been 
matched as well as possible.) The fact that the calculations can be 
carried out in this way with such satisfactory results—the relative 
amounts of the various minerals have also been determined in thin sec- 
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Taste 13.—Chemical and mineralogical composition of phyllites and schists 


Chemical Composition 
4 5 6 7 8 
66.89 62.64 55.40 56.50 64.38 
0.66 0.83 0.99 0.99 0.64 
14.33 16.52 22.33 22.50 15.05 
5.16 5.45 6.82 7.26 6.08 
OS ere 0.10 0.12 0.14 0.19 0.47 
3.45 3.47 2.35 1.97 3.68 
re ee 0.28 1.98 0.38 0.49 2.58 
eae 0.90 1.35 1.02 1.66 3.28 
3.09 4.56 5.45 5.00 3.06 
0.20 0.14 0.20 0.12 0.12 
n.d. 0.15 (< 0.05) (< 0.05) 0.05 
3.32 1.61 3.55 2.80 0.78 
0.08 0.07 0.05 0.03 0.04 
Sane present present absent absent absent 
99.52 99.43 99.98 100.62 100.57 
Mineral Composition 
4 5 6 7. 8 

49.0 31.4 24.6 21.1 27.6 
Plagioclase......... (Ano) 2.4 |(Angs) 16.3 |........... (Anis) 9.4 |(Ango) 35.4 
Muscovite.......... 34.5 17.4 40.8 
rr 1.0 33.1 24.0 19.5 35.3 
Apatite + Calcite. . 0.5 0.5 0.5 0.2 0.3 

99.4* 98.7 96.9 100.6 101.6 
* Including ‘“‘Hydroxides” (see Table 12). 
4. Black phyllitic slate, quoted from Table 12. 
5. Black phyllite, Chestnut Ridge, 2 miles west of Harlem Valley, Clove enilliitiie. Ellestad and 


Barth, analysts. 


6. Garnetiferous phyllite, Chestnut Ridge, 14% miles west of Harlem Valley. Ellestad and Barth, 


analysts. 


7. Garnetiferous schist, % mile northwest of Dover Furnace, Clove quadrangle. Ellestad and Barth, 


analysts. 


8. Mica schist, lens in dolomite, Tenmile River, northeast of Webatuck, Clove quadrangle. 


and Barth, analysts. 


Ellestad 
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tions, in each case, by use of the Rosiwal method—indicates that the 
actual chemical composition of the several rock minerals must be similar 
to the composition of the corresponding analyzed minerals. 


AUGEN SCHISTS 


Isograde with the ordinary phyllites and schists are rocks, here called 
augen schists. The term “feldspathized schists” (corresponding to the 
German “gefeldspatete Schiefer,” as introduced by Becke), which implies 
introduction of matter into the original rock, is avoided, for probably 
no such infusion has taken place, as will be subsequently discussed. 

The augen schists were noted at only one locality, a point 2 miles 
south-southeast of Dover Plains, in the eastern slope of Chestnut Ridge 
(Clove quadrangle). They look like common phyllites, containing small 
rounded feldspar augen, which give the rock a spotted appearance. The 
average size of the “augen” is a millimeter, but some of them are as 
large as 5 millimeters across. Crystalloblasts of garnet are also common, 
but they are not as conspicuous as the white feldspars, although they 
are about the same size. The groundmass looks much like that of an 
ordinary phyllite: a mosaic of fine-grained quartz interleaved with scales 
of sericite. Plagioclase is not »resent in the groundmass. 

Goldschmidt ** has shown that probably the so-called albite porphyro- 
blast schists of the Stavanger region were formed through the interaction 
between alkali silicate-bearing solutions and an original argillaceous sed- 
iment, the rocks thus being truly feldspathized schists. The same expla- 
nation has been put forward for the porphyroblastic albite schists of 
the Antrim district (Scotland).*? During the process of injection-meta- 
morphism of the Stavanger region, soda was added to the argillaceous 
sediments, forming a series of rocks with successively increasing amounts 
of soda. The feldspathized schist is just one member of this series. 
It is geologically related both to argillaceous schists, poor in soda, and 
to true augen gneisses, high in soda. 

A similar theory of origin would seem to be a plausible explanation 
for the augen schists of southeastern New York. But, although alkalis 
have been added to the argillaceous sediments, in this area also, petro- 
graphic study indicates that the alkali-silicate-bearing solutions, from 
which the feldspar porphyroblasts formed, were not magmatic in origin 
but were derived essentially from the rock itself. 

A chemical analysis and the calculated mineral composition of one 
augen schist are given in Table 14. 


41V. M. Goldschmidt: Die Injektionsmetamorphose im Stavanger-Gebiete, Vid. Akad. Skr. I, a 


Oslo, no. 10 (1920) p. 81-87, 108-121. 
42W. J. McCallien: Metamorphic diffusion, Comm. géol. Finlande, Bull. 104 (1934) p. 24. 
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From this chemical analysis and from the general description, it is 
apparent that the augen schist represents a pure member of the argillite 
series, without any introduced material of igneous derivation. If the 
porphyroblasts of oligoclase and garnet had grown in consequence of an 
infusion of foreign material into the argillaceous slates, this would nec- 


Taste 14—Chemical and mineralogical composition of augen schist * 


Chemical Composition Mineral Composition 
9 Qa 9 

1.03 1.1 |] Oligoclase (23 An)............. 10.9 
4.8. || Lmenite and Magnetite........ 3.9 
1.94 2.2 || (Chlorite) Diaphthoritic?....... 9.6 
kiss 4.19 5.3 100.0 
0.11 0.1 

99.87 | 100.1 


* Augen schist with crystalloblasts of oligoclase and garnet, from south-southwest of Dover Plains, 
Clove quadrangle. 

9. Bulk composition. Willman, analyst. 

9a. Calculated composition of groundmass after subtraction of crystalloblasts of oligoclase (10.9%) 
and garnet (10.0%). 


essarily have been evident from the chemical analysis; but a comparison 
of the present analysis with the analyses of the slates in Table 12 shows 
at once the lack of added matter. On the contrary, the ordinary phyllites 
of this area seem to have received and assimilated more foreign material 
than has the augen schist, the excess of Al,O;—which creates a chemical 
potential toward alkali and lime-bearing solutions and, therefore, con- 
stitutes the ultimate cause for the feldspathization—being larger in the 
augen schist than in any of the phyllites (compare Table 13). Again, 
if oligoclase and garnet be regarded as having been introduced from out- 
side, the composition of the rock after subtraction of these introduced 
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crystalloblasts ought to correspond to the original slate, but, as seen 
from Table 14, this is not the case. 

From this chemical study, it is concluded that the material in the 
porphyroblasts of oligoclase and garnet was derived chiefly from the rock 
itself. Furthermore, it seems significant that no plagioclase is present 
in the groundmass of the augen schists, whereas most of the ordinary 
phyllites carry plagioclase in the groundmass. 

The process of the formation of the porphyroblasts seems, therefore, 
to have been as follows: During the recrystallization of the argillaceous 
sediments, porphyroblasts of biotite, garnet, and staurolite were generally 
formed in rocks of the proper chemical composition, and, although the 
rocks of this area were soaked in solutions, the nature and origin of 
which will be discussed subsequently, it seems as if the material of the 
porphyroblasts was chiefly taken from the rock itself, only a small frac- 
tion of the material being supplied by the pervasive solutions. The 
plagioclase porphyroblasts also seem to have formed in exactly the same 
way, except that, whereas the ferriferous minerals, biotite, garnet, and 
staurolite, were able to form in large crystal individuals, the rate of 
diffusion in the solutions causing the recrystallization of plagioclase was 
usually so slow as to inhibit porphyroblastic growth; plagioclase, there- 
fore, ordinarily is found in small crystals, scattered through the ground- 
mass. But apparently the same plagioclase that would have occurred 
in the groundmass can develop porphyroblastic habit, if, for some 
unknown reason, a local impetus is given to the rate of diffusion. 

McCallien ** and Bailey have endeavored to show that the albites of 
the porphyroblastic albite schists in the southwest Highlands of Scotland 
owe their origin entirely to the soda-rich constituents of the original 
muds. 

Such albites as those from the southwest Highlands or from south- 
eastern New York, therefore, result from what Stillwell and Eskola have 
called “metamorphic diffusion.” 


PORPHYROBLASTIC MUSCOVITE GNEISS 


Tn connection with the augen schists, a porphyroblastic muscovite 
gneiss should be mentioned. Although not isofacial with the augen 
schists, but belonging to a higher grade of metamorphism, it is described 
at this point, for it gives additional information regarding the develop- 
ment of porphyroblasts. 

The rock is locally developed west of Towners, on the high-grade side 
of the sillimanite isograd. Peculiar porphyroblasts of muscovite are 
conspicuous. They look like thick discs, 5 to 10 millimeters in diameter, 


48W. J. McCallien: Metamorphic diffusion, Comm. géol. Finlande, Bull. 104 (1934) p. 23-26. 
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with a circular or elliptic cross-section. Some of them carry inclusions 
of sillimanite needles. Crystalloblasts of garnet (less than a millimeter 
across) are plentiful, and many relatively large crystalloblasts of apatite, 
attaining the size of the garnet crystals, are scattered through the rock. 
The groundmass is clean and well crystallized with polygonal crystals 
of quartz and oligoclase, none of which show any sign of undulating 
extinction; bundles of fibrous sillimanite are common, but almost 50 
per cent of the groundmass is composed of small, well-terminated crystals 
of biotite. This is noteworthy, for, in most of the other rocks, the biotite 
tends strongly to grow as large porphyroblasts with muscovite in the 
groundmass. But in this rock it is reversed—muscovite in large porphy- 
roblasts and biotite in the groundmass. Nothing indicates that muscovite 
has grown from supplies brought in from outside; the mineral content 
of the rock is normal for gneisses of this area—and, on chemical grounds, 
it is doubtful whether a muscovitization of these rocks could take place. 
The most plausible explanation is that the muscovite porphyroblasts 
result from simple recrystallization. It is not known why muscovite, 
which usually recrystallizes as small flakes in the groundmass, developed 
porphyroblasts in this particular rock. 


CONCLUSION AS TO THE FORMATION OF PORPHYROBLASTS 


Thus, the conclusion is reached, that the various porphyroblasts of 
these rocks are all formed in the same way. The bulk composition of the 
pervading solutions does not determine the composition of the porphyro- 
blasts. The solutions acted chiefly as agents for recrystallization, the 
material of the metacrysts being derived mainly from the rock itself. 
It should be emphasized, however, that the solutions also carried into the 
rocks a supply of material whereby, through metasomatic processes, the 
chemical composition of the original sediments was slowly changed, The 
point at issue is that the new material went, not chiefly, or preferably, 
into the porphyroblasts, but into the groundmass as well. The occurrence 
of porphyroblasts of feldspar (or of muscovite), for instance, does not 
mean, therefore, that the rocks have been feldspathized (or muscovitized) , 
but it does mean that the feldspar (or muscovite) at that particular place 
was able to recrystallize in porphyroblastic habit—essentially a phe- 
nomenon of metamorphic diffusion. 

Generally, the ferriferous minerals are the only ones that form por- 
phyroblasts, but, under conditions that seem to inhibit the porphyro- 
blastic growth of the ferriferous minerals, the salic minerals may form 
porphyroblasts. 

SHEARED SCHISTS 

The schists that have been analyzed and described so far have been 

chosen so as not to show the sheared character conspicuously; and, 
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although it is certain that they have been soaked in “hydrothermal” 
solutions, and that the solutions, therefore, must have been moving along 
the planes of schistosity, the solutions as such do not seem to have 
remained in the rocks but have been squeezed out before they froze. 

Strictly speaking, all metamorphic rocks of this area are sheared. Even 
the low-grade slates far out to the west exhibit a noticeable fissility. A 
good example of this is afforded by slate No. 1. (west of Lagrangeville, 
Poughkeepsie quadrangle), which has been analyzed and described in 
a previous section. In this slate, the primary bedding is easily visible, 
owing to alternating black and olive-green layers. The fracture cleav- 
age, which developed during metamorphism and simultaneous with re- 
crystallization of the muscovite, intersects the bedding almost at right 
angles (Fig. 1). At this low stage of the metamorphism, no vestiges 
of moving solutions on the shear planes have been found (except quartz 
veins that everywhere penetrate the entire formation), but farther to 
the east, on the high-grade side of the biotite isograd, the metamorphic 
rocks have been thoroughly soaked in “hydrothermal” solutions, the main 
thoroughfares of which have been shear planes, enhancing thereby the 
schistosity and imparting to the rocks a markedly foliated character.** 
These shear planes have been the chief avenues by which solutions that 
came from the east, permeated the sediments, metasomatically trans- 
forming them into schists, and finally vanished among the low-grade 
argillaceous slates in the west. The origin of these solutions is discussed 
in a subsequent section. 

Figures in Part I of this study (p. 715, 716), showing two typical schist 
specimens, should be compared with Figure 1 (p. 797), which shows the 
development of shear planes in a slate. In each case, the same kind 
of process has reached an advanced stage: the shear planes are conspicu- 
ously studded with biotite and garnet, and it is easy to see that, if 
this process were carried further, complete obliteration of the original 
bedding would result. This type of schist, in which every vestige of an 
original bedding has been blotted out, and the new shear planes have 
become covered with layers of new minerals, crystallized during the 
metamorphism, is here called a foliated schist. It is a fact worthy of 
special emphasis that in such a rock the original directions of the planes 
of bedding are indeterminable, because they are invisible and have no 
relation to the observed foliation. Some of the statements in the older 
petrographic literature, to the effect that, in schists and gneisses, alter- 
nating layers of different color, each characterized by different mineral 


“+The shear zones represent either the limbs of isoclinal folds, thinned and drawn out by plastic 
deformation subsequent to the isoclinal folding, or the shear planes that cross the limbs of the 
isoclinal folds (p. 713) of part I of this article, Balk). 
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composition, are due to the original stratification of the rock, should, 
therefore, be looked upon with suspicion. 

Shear planes are especially well developed in schists derived from the 
argillaceous sediments, and are studded with minerals, mainly biotite 
and garnet, but cyanite and staurolite are locally common, thus forming 


Taste 15—Chemical and mineralogical composition of cross-cutting layers in schist 


Chemical Composition Mineral Composition 
Pure 
10 11 | Layer 

45.10 | 46.66 | 40.8 || Quarts............. 2.5 11.0 
1.42 1.58 2.0 |] Plagioclase (An 50)...| 30.7 |........ 
0.99 1.12 48.2 52.5 
_ 5.79 6.86 8.6 3.3 5.5 
4.10 0.39 0.9 0.3 0.2 
4.28 4.94 5.6 
_, | ee 0.11 0.10 0.1 99.6 101.6 
H,O+....... 1.29 1.44 1.5 FeO/Mg0O in Biotite..| 1.26 1.11 
H,O—....... 0.08 

99.20 | 100.33 | 100.0 


10. Shear zone in feldspathic schist, quarry at highway to Stonehouse, 1% miles west-northwest of 
Pawling, Clove quadrangle. Ellestad, analyst. 
11. Shear zone in quartzite, % mile east of Little Pond, Clove quadrangle. Barth, analyst. 


thick sub-parallel mineral layers, intersecting the rocks as if it were 
injected by a multitude of black veins (Pl. 2, fig. 3; Pl. 3, fig. 2). The 
secondary layers are so thin as to make it impossible to scrape off 
material belonging only to the layer itself. 

In order to obtain information as to the chemical composition, two 
analyses were made: one from a layer in a highly feldspathic schist con- 
taining practically no quartz (listed under 10, Table 15) ; the other, from 
a layer in an almost-pure quartzite, without feldspar but containing some 
muscovite (listed under 11, Table 15). Petrographic descriptions of these 
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rocks are given as legends to the photomicrographs (PI. 2, fig. 3; Pl. 3, 
fig. 2). 

The two analyses are markedly similar. Thus, the composition of the 
cross-cutting layers seems to be determined, only to a slight extent, by 
the composition of the adjacent rock. Indeed, the small differences in 
composition between analyses 10 and 11 are, in all probability, mostly 
due to a mechanical contamination from the wall rock. In order to 
eliminate the contaminations and obtain the best values for the compo- 
sition of the layer itself, plagioclase may be subtracted from analysis 10, 
and quartz and muscovite from analysis 11. When both analyses, thus 
treated, are recalculated to 100 per cent, they show marked similarity. 
The average of these two recalculated analyses—i.e., No. 10 — 30.7 per 
cent plagioclase, and No. 11 — 12.7 per cent muscovite and 8.5 per cent 
quartz—as listed under “Pure Layer” in the last column of Table 15, 
is considered to constitute the best values for the chemical composition 
of the pure layer. 

From a petrographical point of view, the foliation layers are looked 
upon as intrusive rocks; for they were formed by crystallization from 
a solution—partly palingenic in origin—that was injected into the sedi- 
ments. The solution apparently carried much water, but a magma is 
also properly a solution, one component of which is water. When a 
magmatic solution becomes dilute, it is no longer a magma, but a hydro- 
thermal solution. The degree of concentration of the solution that gave 
rise to the black layers is not known, but the mineral development, as 
well as the general geologic environment, indicate higher temperature and 
greater concentrations than those in the common “hydrothermal veins.” 
As far as the results of Goranson *® can be applied here, they indicate 
magmatic solutions; for, if there had been only aqueous solutions under 
hydrothermal conditions, the segregations would have resulted in schists 
penetrated by quartz veins.** If the solution can be regarded as a magma, 
even as a “wet magma,” the rock crystallizing from it will be an igneous 
rock. Even though this may stretch the term rather far in the case of 
the black layers, they are virtually igneous in origin. At all events, 
it becomes important to compare them with igneous rocks, and, in order 
to get a better idea of what the analysis of the black layer really implies, 
the norm has been calculated as if it were an igneous rock (Table 16). 
The complete lack of accord between norm and mode is worthy of note. 


4 R. W. Goranson: Some notes on the melting of granite, Am. Jour. Sci., 5th ser., vol. 23 (1932) 
p. 227-236. 

4 Quartz veins are also found everywhere in the area. They are younger than the other veins and 
represent probably the last hydrothermal solutions, which congealed at low temperature. 
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According to the “C. I. P. W.” system, its quantitative classification as 
an igneous rock will be: 


Class III, Salfemane 

Subclass 2 because of high content of normative corundum) 
Order 5 (perfelic) 

Rang (peralcalic) 

Subrang 2 (dopotassic) 


No such igneous rock is known, and, except for its high content of norma- 


tive corundum, it would have corresponded to a “fortunose.” Among 
Taste 16—Norms 
Foliation Layer Jumillite 


actual igneous rocks, its closest relative seems to be the so-called jumillite, 
a Miocene lava from Spain, described by Osann,*’ containing sanidine, 
olivine, biotite, and hornblende. A comparison between the two norms 
brings out this relation quite well. As shown in Table 16, the most 
significant difference is found in the corundum. 


GNEISSES DERIVED SYNTECTICALLY FROM ARGILLACEOUS SLATES 

To the east, the argillaceous schists grade into gneiss-like rocks. They 

are coarser-grained than the schists, and the micaceous layers are shorter, 

more lenticular, and locally interrupted by numerous small quartz-feld- 

spar interpositions. For convenience, the sillimanite isograd is regarded 

as the boundary line between schists and gneisses. East of this line, 
sillimanite is stable, and cyanite is entirely absent.*® 


47 A. Osann: Uber einige Alkaligesteine aus Spanien, Rosenbusch Festschrift (1906) p. 290. Stuttgart. 

48 Still farther to the east, W. M. Agar [Thermally metamorphosed diorite near Brookfield, Con- 
necticut, Am. Jour Sci., 5th ser., vol. 28 (1934) p. 401-411] reports cyanite in the Hartland schist, 
which is perhaps the equivalent of these schists. 
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The excess of alumina, which is less pronounced in the schists than 
in the slates, is still smaller in the gneisses, and, even within the gneiss 
area itself, the alumina content decreases slightly from west to east. 
Farther to the east, the highly aluminous minerals, such as staurolite 
or sillimanite, are rarer. Except for cyanite, all of the schist minerals 
are in the gneisses, and their optical properties seem to remain essentially 
the same. The structure of the rock has changed, however. The ground- 
mass is usually made up of nematoblastic quartz and polygonal grains 
of plagioclase, as large as a millimeter or more. The coarse groundmass 
makes the porphyroblasts less noticeable. Biotite and muscovite are 
found in flakes, several millimeters long. Bundles of fibrous sillimanite 
curve around the flakes of mica (PI. 3, fig. 4). Sillimanite is also found 
as intergrowth in muscovite. Farther east, the groundmass consists of 
microcline perthite as well as plagioclase (p. 790). 

Zoning of plagioclase is observed in many of these rocks; the core is 
generally more anorthitic than the rim. Careful measurements in per- 
thite gneiss from Quaker Brook valley (No. 13, Table 17) indicate a 
variation range of 50 An—>37 An from core to selvage. In this rock, 
which has just sufficient KO to make perthite (1 per cent orthoclase 
is present), there are pseudomorphs of muscovite after sillimanite, indi- 
cating the direction of change from a potash-poorer to a potash-richer 
rock. The same tendency of change is also indicated by a few needles 
of sillimanite completely surrounded by quartz, and thereby protected 
from the potash-bearing solutions, which otherwise would have trans- 
formed it into muscovite. 

The appearance of perthite indicates that the original excess of Al,O, 
inherited from the argillaceous sediments has been sufficiently reduced. 
Thus, perthite and the aluminous minerals, staurolite and sillimanite, 
are incompatible, as will be discussed later. 


AUGEN GNEISSES 


Still farther to the east, well beyond the boundaries of the map (PI. 1), 
both hydrothermal and magmatic (pegmatitic) solutions have mingled 
with the pelitic rocks, which at this stage were already impregnated with 
magmatic material, metasomatically extracted from the vanguard of 
hydrothermal solutions. This is the zone of lit-par-lit injections (the 
pegmatites farther to the west are not injected lit-par-lit but form dis- 
crete dikes or lenses; they do not carry microcline, but are typical quartz- 
oligoclase pegmatites, with small amounts of muscovite and garnet). 

Examples of such rocks are the augen gneisses described by Fettke *® 


#@C. R. Fettke: The Manhattan schist of southeastern New York State and its associated igneous 
rocks, N. Y. Acad. Sci., Ann., vol. 23 (1914) p. 239-243. 
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and Barbour © from Bedford and other places farther southeast. Fettke 
writes: 

“The apparent gradation of a pegmatite sheet into ‘augen’ gneiss by a thorough 
injection of the adjoining schist with pegmatitic material, and the final gradation 
of this into true schist with only a few ‘augen’ of feldspar, suggests that the ‘augen’ 
gneiss represents sheared zones of schist which have been thoroughly injected and 
permeated with pegmatitic material consisting largely of potash feldspar together 
with some plagioclase and quartz.” 


Taste 17.—Analyses of gneiss 


Chemical Composition Mineral Composition 
12 13 14 12 13 
Rae 66.39 | 70.5 67.02 || Quartz...... 31.6 41.0 
| OES 0.74 1.0 1.41 || Plagioclase. .|(An 25) 36.0 |(An 45) 27.0 
15.20 | 13.8 13.96 |] Orthoclase...|............ 1.0 
ee 2.41 0.4 2.36 || Muscovite... 11.3 6.0 
__ a 3.96 3.6 2.37 || Biotite...... 18.3 20.0 
MgO... 1.64 a:7 1.27 || Magnetite 
1.83 2.6 2.69 || Apatite..... 
Or 3.48 2.0 3.61 
ae 2.73 3.2 5.27 99.8 100.0 
H,O+...... 0.88 | 0.36 Al,0;= 
99.60 | 99.9 | 100.34 = 


12. Quartz-oligoclase-biotite gneiss, 5 miles east of Pawling, border of Clove and Milford quadrangles. 
Willman, analyst. 

13. Perthite gneiss, Quaker Brook valley, state line, Carmel quadrangle. Geometrical analysis. 

14. Augen gneiss, southeast of Bedford village. Fettke. analyst. [The Manhattan schist of south- 
eastern New York State and its associate igneous rocks, N. Y. Acad. Sci., Ann., vol. 23 (1914) 
p. 242.) 


Barbour offered the same explanation for a probable mode of origin. 
There cannot be much doubt about the essential correctness of this 
interpretation. Not only are the field observations convincing, but the 
chemical evidence, which is discussed in a later section, is perhaps even 
more corroborative. It is also worth noting that certain augen gneisses 
from the pre-Cambrian of southern Norway, which are similar to the 
Bedford rocks, have manifestly been formed in this way." 


5 G. B. Barbour: Origin of the Bedford augen gneiss, Am. Jour. Sci., 5th ser., vol. 19 (1930) p. 351-358. 
iT. F. W. Barth: Ein syntektischer Gesteinskompler aus dem siidlichsten Norwegen, Chemie d. 
Erde, vol. 4 (1928) p. 95-136. 
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In order to obtain quantitative data concerning the chemical changes 
induced in the gneisses, an analysis of a typical plagioclase gneiss has 
been listed in Table 17. From the analysis, the quantitative mineral 
composition can be calculated. 

The perthite gneiss, a geometrical analysis of which is listed nib 13 
in Table 17, lies east of the plagioclase gneiss and closer to the granitic 


TaBLe 18—Chemical and mineralogical composition of lime silicate schists and of 
schist inclusions in dolomitic marble 


Chemical Composition Mineral Composition 
15 16 17 15, 16 17 

ee 71.87 | 72.36 | 54.83 || Quartz...... 51.6 14.4 
| re 1.31 1.38 2.82 || Plagioclase. .|(90 An) 26.6 |(33 An) 25.2 
12.75 | 12.38 13.43 || Hornblende*. 13.5 41.6 
0.29 0.40 0.86 || Garnet...... 4.0 | Biotite 16.7 
4.25 4.04 8.25 || Titanite.... 
ae 0.43 0.48 0.18 || Magnetite 
Ae 1.07 0.97 6.78 and 
6 a 7.08 7.06 6.71 Ilmenite. . 1.4 1.2 
Na,O....... 0.33 0.25 2.32 || Calcite and 
Se 0.06 0.09 1.78 Apatite... 0.5 0.2 
0.05 0.10 n. d. 
ene n.d 0.20 n. d. 99.6 99.4 
H.0+...... 0.55 0.27 1.57 || Rest: Al,O; = 0.5 
H,O-...... 0.05 0.04 0.13 

100.10 | 100.02 | 99.66 
0.01 
Density = 2.830 


* Composition as stated in Table 10. 

15. Dense, gray calcareous phyllite, 1% miles southeast of Crouses Store. E. Kliiver, analyst. 

16. Same as 15. Ellestad, analyst. 

17. Schist inclusion in dolomitic marble, road-cut southeast of Great Pond, Danbury quadrangle. 
Barth, analyst. 


intrusions. Still farther to the east, lies the augen gneiss (column 14, 
Table 17). 
LIME SILICATE SCHISTS 
Most of the rocks of the area are pelitic, but, locally, there are schists 
and gneisses of a more calcareous type. These rocks are commonly 
rather massive and finer-grained than the argillaceous schists, the sec- 
ondary foliations being poorly developed. Typical minerals are horn- 
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blende (p. 792), anorthite, and titanite. Quartz is, of course, often 
present in great abundance (PI. 2, fig. 3). 

Petrographic analysis of these rocks indicates that the original sedi- 
ment was made up of alternating layers of sandstone and limestone; 
for, in the schists, bands and streaks of lime-silicate minerals alternate 
with quartz-rich bands, and, in between the lime silicates, small patches 
of calcite are visible under the microscope—the last remnants of the 
original limestone, not yet entirely altered to lime silicates by the meta- 
somatic action of the exudates from the surrounding pelitic schists. In 
all lime-silicate schists examined by the writers, the plagioclase is 
bytownitic to anorthitic in composition (index B is usually 1.575, 
maximum extinction in the zone [010] about 47° or more). In thin 
section, the individual anorthite crystals (usually small, rounded grains 
Y, oo millimeter across) stand up in high relief on a background of quartz. 
In schists particularly high in calcium, epidote is a constituent. 

A chemical analysis and the calculated mineral content of a lime- 
silicate schist southeast of Crouses Store are listed in Table 18. A short 
petrographic description of this schist is given as legend to Plate 4, 
figure 4. 

INCLUSIONS OF SCHISTS IN DOLOMITE 

As far as the writers’ observations go, schist fragments enclosed in 
dolomite never have the typical composition of pelitic schists. They are 
richer in magnesia and lime, and thus, are more like the lime-silicate 
schists just described. In view of the great preponderance of pelitic 
rocks elsewhere in the area, this has been taken as indicative of a 
calcium-magnesium metasomatism of the inclusions produced by ema- 
nations or solutions from the surrounding dolomite. Again, typical min- 
erals of the inclusions are, therefore, hornblende (which replaces biotite) , 
calcic plagioclase, and titanite. 

Chemical analysis of a schist inclusion in dolomite northeast of 
Webatuck (Clove quadrangle) has been listed as No. 8 of Table 13. 
Petrographic description of it is given as legend to Plate 3, figure 5. 
Another schist inclusion in dolomite, southeast of Great Pond, Danbury 
quadrangle, has also been analyzed; its chemical and mineral compo- 
sition is listed under No. 17 of Table 18. 

The metamorphic grade of rocks Nos. 8 and 17 corresponds to the 
eyanite schist facies and the sillimanite gneiss facies, respectively. 

CHLORITE SCHISTS 

As already noted (p. 794), chlorite is rare in this area. It is never in 
the typical argillaceous slate or schist, regardless of metamorphic grade, 
but chlorite schists, probably representing original graywacke lenses, 
have been observed on both sides of Clove Valley. Chemical analysis 
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(No. 18 of Table 19) shows its characteristic peculiarity—high in Al,0, 
and FeO, with very high SiO,. In addition to quartz and chlorite, many 
of these schists (but not all) carry small porphyroblasts of almanditic 
garnet. Glaucophane, which has never before been reported from New 
York State, has also been observed in some of the chlorite schists. A 


TABLE 19.—Chemical and mineralogical composition of chlorite schist and chloritoid 


schist 
Chemical Composition | Mineral Composition 
18 19 18 19 
74.44 62.86 || 62.3 19.8 
0.82 1:22) 1.6 9.3 
0.16 2.25 || Magnetite.......].......... 
0.39 3.62 || Apatite......... 0.3 0.4 
0.14 0.17 
eee 1.66 3.94 98.9 99.6 
0.09 0.10 || Rest: Al,O; = 


18. Garnetiferous chlorite schist, east of Clove, Clove quadrangle. Ellestad, analyst. 
19. Chloritoid schist, southeast of Crouses Store, Clove quadrangle. Ellestad and Barth, analysts. 


more detailed petrographic description of two chlorite schists is given as 
legends to Plate 4, figures 1 and 2. 


CHLORITOID SCHISTS 


Chloritoid schist has been found as a local phase on the east slopes 
of Clove Valley. The chemical composition corresponds to that of an 
ordinary argillaceous schist (No. 19, Table 19). Chloritoid, however, 
is not stable in the usual type of argillaceous schists; the chloritoid schist 
seems thus to depend for its formation on some abnormal temperature- 
pressure conditions acting locally in this part of the area. It may be 
significant that the unusual and rare types of rocks—chloritoid- and 
glaucophane-bearing types and most of the chlorite schists—are all found 
within a small area on the eastern slope of Clove Valley. 
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The chloritoid porphyroblasts attain a diameter of one-half to one centi- 
meter. In addition, crystalloblasts of garnet and biotite are present. 
The groundmass consists of sericite and quartz (PI. 3, fig. 6). 

The mineralogical phase rule demands that the introduction of a new 
mineral into a mineral association must be at the expense of one of the 
old minerals; in this case, staurolite has been expelled by chloritoid, for 
altered crystalloblasts of staurolite, in various stages of decay, can be 
observed in most of the thin sections. It is concluded, therefore, that, 
under the conditions of the chloritoid schist facies, staurolite was not 
stable in the present argillaceous rocks. 


PETROLOGY 
GENERAL STATEMENT 


Classification of the correlations between the chemical and the miner- 
alogical composition of the various metamorphic rocks is of fundamental 
importance for studying the metamorphic processes. A mineral develops 
in response to a certain grade of metamorphism, remains stable in a 
certain zone, and breaks down in turn when the grade of metamorphism 
is raised beyond the range of stability of the mineral in the prevailing 
chemical environment. 

The composition of the various metamorphic minerals, or, rather, the 
range of composition (for almost all minerals are solid solutions), the 
change of composition with changing grade of metamorphism, the range 
of stability in relation to the metamorphism and in relation to the com- 
position of the surrounding rock, are all factors that must be determined 
in order to shed more light on the origin and evolution of the meta- 
morphic and the metasomatic rocks. 


RANGE OF STABILITY OF ARGILLACEOUS ROCK MINERALS 


Knowledge is deplorably limited as to the exact composition and sta- 
bility ranges of most metamorphic minerals. This is, in the first instance, 
due to the fact that metamorphic petrology has failed to receive any 
support from synthetic studies, which have rendered the petrology of the 
igneous rocks such invaluable service. 

Most of the metamorphic minerals have never been made artificially; 
some recent hydrothermal syntheses at low temperature **? and some 
modest preliminary studies of the formation of artificial hornblende ™ 
seem to constitute the worthwhile information along these lines. Take, 


582 W. Noll: Hydrothermalsynthetische Untersuch im System Al,O,-SiO,-H,O, Fortschr. Min., 
Krist. und Petr., vol. 19 (1935) p. 46-47, as well as earlier papers by Noll on kaolinite and muscovite. 
53 W. Liidke: Der synthetische Asbest, Fortschr. Min., Krist. und Petr., vol. 19 (1935) p. 40-43, 
where several earlier papers by Scheumann and by Liidke are quoted. 
N. L. Bowen and J. F. Schairer: Griinerite from Rockport, Massachusetts, and a series of syn- 
thetic fluor-amphiboles, Am. Min., vol. 20 (1935) p. 543-551. 
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for instance, the three alumino-silicates—andalusite, cyanite, and silli- 
manite—all of the same chemical formula, all common, but none of them 
has ever been made in a laboratory. Synthetic studies are obviously 
needed; but, until some laboratory methods of studying the metamorphic 


TaBLe 20.—Stability ranges of some of the minerals of the argillaceous slates and 
their derivatives * 


I II III 
Facies of Facies of Facies of 
Muscovite slates | Cyanite schists | Sillimanite gneisses 
Potash feldspar........... 
Sodic feldspar............. 
Calcic feldspar............ T 
Glaucophane............ ? ? 


* Quartz, tourmalines, and apatite are stable in all facies. 


processes have been developed, one will have to get along as best he can 
with studies of the rocks in nature. 

In an earlier section of this paper, optical and chemical analyses are 
given, thus providing the necessary basis for a description of the rocks 
in quantitative terms. 

Table 20 summarizes the stability ranges of some of the constituent 
minerals of the metamorphosed pelites. It should be noted that not only 
the temperature and pressure conditions are taken into consideration, 
but also the bulk chemical composition of the rocks. For instance, potash 
feldspar is certainly stable under the thermodynamical conditions of 
the cyanite schist facies, but it is chemically unstable (the excess Al,O, 
of these rocks would react with it and transform it into biotite). Only 
after elimination of excess alumina, attained in a higher metamorphic 
grade, does potash feldspar become chemically stable. 


CORRELATION BETWEEN CHEMICAL COMPOSITION AND MINERAL COMPOSITION OF 
PELITIC ROCKS 


General statement.—Essential for the present discussion is the fact 
that the argillaceous slates contain a large excess of Al,O;, which, with 
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advancing metamorphism, is gradually reduced by the metasomatic action 
of “hydrothermal” solutions. Tables 12 to 17 summarize the bulk 
analyses of the rocks of the several facies. 

In the argillaceous rocks, three main mineral facies, corresponding to 
three successive stages of metamorphism, have been distinguished. 


Muscovite slate facies—In the low-grade argillaceous rocks of the 
present area, muscovite is the only recrystallized mineral. Owing to the 
presence of alkalis and excess of alumina (Al,0;:(Na,O + K.O)> 1:1), 
muscovite is everywhere present, but as these rocks are not entirely 
recrystallized, nothing more can be said about the relation between min- 
eralogical and chemical composition. 


Cyanite schist facies—In rocks lying between the biotite isograd and 
the sillimanite isograd, the mineral development is rather uniform. As 
a first approximation, all these rocks can, therefore, be regarded as 
belonging to one mineral facies. 

If equilibrium had been attained during recrystallization, a definite 
relation between the constituent minerals and the chemical composition 
of the rocks should exist. The quantitative factors governing the mineral 
development are, however, so complicated that some explanation is neces- 
sary. As shown by the chemical analyses of these rocks, no less than 
12 oxides must be regarded as essential for the mineral development. 
Among the oxides listed in Table 13, only MnO and hygroscopic H.O 
are unessential. According to the mineralogical phase rule, a maximum 
number of 12 minerals in equilibrium with each other can thus occur in 
these rocks. 

(1) COs, when present, forms a carbonate either calcite or dolomite. 

(2) forms apatite. 

(3) TiO. forms titanite in highly calcareous rocks; in other rocks, it probably 
does not create any new mineral but enters as a substitutive oxide into 
biotite, garnet, and other minerals. 

(4) FeO; forms magnetite, but in part it replaces Al.O; in various minerals. 

(5) SiO. forms quartz; in this area, all the rocks are oversaturated with SiO. 
(except the limestone, which is of no importance for the present dis- 
cussion) and the minerals, therefore, always exhibit the highest possible 
degree of silicification. 

(6) CaO enters into the anorthite molecule. 

(7) NasO enters into the albite molecule, and, in this facies, all mix-crystals 
of albite and anorthite are stable. The composition of the plagioclase 
is, therefore, fixed by the ratio CaO:Na;O in the original rock (allowing 
however, for small amounts of CaO consumed by COs and P:Os, see 
under 1 and 2). 


The seven oxides thus far considered play a passive réle in the mineral 
development, for, within the observed range of variation, these oxides are 
of no consequence in the formation of any other minerals than those 
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already considered. More active and complicated, however, is the réle 
of the remaining five oxides: Al.O;, FeO, MgO, K.O, and H,O. 

First of all, it should be emphasized that FeO and MgO cannot sub- 
stitute for each other in all minerals of this facies. For example, garnet 
or staurolite, which are essentially ferrous alumino-silicates, cannot take 
up any appreciable amount of magnesia. The failure of MgO to replace 
FeO in these minerals distinguishes this facies among all other mineral 
facies, and, for phase rule considerations, it becomes necessary to count 
MgO and FeO separately. 

The five oxides, Al,O,, FeO, MgO, K.O, and H.O, will thus, in general, 
give rise to five individual minerals in equilibrium with each other. In 
the pelitic rocks of the present facies, however (i.e., the facies normally 
encountered between the biotite isograd and the sillimanite isograd), 
these five oxides are able to form the following eight stable and one 
(No. 9) probably unstable minerals: 


(1) Cyanite (4) Staurolite (7) Hornblende 
(2) Muscovite (5) Garnet (8) Microcline 
(3) Biotite (6) Chlorite (9) Chloritoid 


But only five of them can be present together in one rock. 

As the writer knows of no satisfactory way of presenting graphically 
a 5-component system, H,O is disregarded and only the remaining ox- 
ides—Al,0,, FeO, MgO, and K,O—are considered. The projection best 
suited for this purpose is called the A,,-F,-M-K-projection. It resembles, 
in all essentials, Eskola’s A,,-F-K-projection **; but this projection has 
four components, Eskola’s only three. 

The four components are computed in the following way: 


After deduction of the proper amounts of CaO to form calcite, apatite, and pos- 
sibly titanite (p. 818), and, if magnetite or ilmenite is present, after a corresponding 
deduction in FeO, the remaining Fe.O; is united with Al.Os, and the result is: 


A,, = Al:O: + Fe:0; — (CaO + + 


F, = FeO + MnO 
M = MgO 
K=K:0 


Thus, it is only “excess” AleO;—i.e., AleOs in excess of what is needed by the feld- 
spars—that enters into these considerations. 


For the purposes of this discussion, a 4-component system in a plane 
can be presented with great advantage according to the method proposed 
by v. Philipsborn, which accords a perspective conception, and therefore 
an easy survey of all the plots, while, at the same time, quantitative 


S This projection was developed for rocks with an excess of Al2O3s; P. Eskola: Om sambandet 
hos Orijarvitraktens metamorfa bergarter, Comm. géol. Finlande, Bull. 44 (1915) p. 43. 
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relations can be read off the projection by simple graphic constructions. 
For all particulars, however, the reader is referred to the original paper 
by v. Philipsborn.*® 

Figure 3 shows the projection vectors of the mentioned nine min- 
erals, according to this method. If a plane is passed through the points 


M An 
Ficure 3.—A,,-F,-M-K-projection of some of the minerals of the argillaceous 
schists 


(Cy) cyanite, (M) muscovite, (S) staurolite, (Cd) chloritoid, (G) garnet, (Ch) chlorite, 
(B) biotite (B’ and B” correspond to the analyses 1 and 2 (Table 3); B is the calculated 
composition of the Mg-rich biotite of rock No. 11). Projection point of potash feldspar 
coincides with the K-corner of the tetrahedron. A plane is passed through M, G, and B 
(the three different biotite analyses do not fall exactly in one plane, but very nearly so), the 
points Cy, 8, and Cd lie in front of this plane, K lies back of it. 


for garnet, biotite, and muscovite, the minerals in front of this plane 
are separated from potash feldspar (the projection point of which coin- 
cides with the K-corner of the tetrahedron), and, as has already been 
pointed out, parageneses of microcline (or perthite) with any of the 
minerals in front of this plane (cyanite, staurolite, or chloritoid) are 


8H. v. Philipsborn: Zur graphischen Behandlung quarterndrer Systeme, N. Jahrb. f. Mineral., 
Geol., Paliont., Beil-Bd. 57, Abt. A (1928) p. 973-1012 (Miigge-Festschr.). 
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unknown. This explains in quantitative terms the fact, to which allu- 
sion has already been made, that potash feldspar is chemically unstable 
in the low-grade argillaceous rocks (p. 817 and Table 20). It should 
be borne in mind, however, that H,O has been disregarded in this pro- 


F 


M Ay 


Fiaure 4.—A,,-F,-M-K-projection of the analyzed argillaceous rocks of the 
cyanite schist facies 


No. 12 belongs to the sillimanite gneiss facies, and No. 19, which is marked with a cross, 
belongs to the chloritoid schist facies. Numbers refer to the analyses in Tables 13, i4, 15, 
17, 18, and 19. Projection points of some of the rock minerals have also been included 
(black circles, except chloritoid, which is marked with a cross; they can be identified by 
comparison with Figure 3). To facilitate the reading, a non-transparent plane has been 
passed through the projection points of muscovite, garnet, and biotite. Intersection of pro- 
jection vectors with the oblique plane is indicated thus: } . All true argillaceous rocks fall 
in front of this plane and, therefore, carry no potash feldspar, but, in addition to muscovite, 
garnet, and biotite, either staurolite and/or cyanite, depending on the original content of 
water, as explained on page 822. 


jection, and certain minerals, which, in the tetrahedral projection, seem 
to be separated may, therefore, come together, so to speak, in a fourth 
dimension. Furthermore, as this is a 5-component system, five minerals 
can always occur together, although the graph can indicate only four 
minerals in contact with each other. Such, for instance, is the case with 
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parageneses containing inter alia garnet, staurolite, and cyanite. The 
projection indicates that staurolite almost separates garnet from cyanite, 
leaving only a narrow field where all three can occur together (owing 
to the fact that garnet can take up a little more MgO in solid solution 
than does staurolite), but if water is introduced as a fifth component, 
the paragenesis is easily understood. This point will be discussed later. 

In the next projection (Fig. 4), all the analyzed rocks of the schist 
facies have been plotted. To facilitate the reading, a non-transparent 
plane has been passed through garnet, biotite, and muscovite; as ex- 
plained before, this plane separates the microcline-bearing parageneses 
from the microcline-free parageneses. From the projection (Fig. 4), it 
can be seen that the rocks, the projection points of which fall in front 
of this plane, should carry biotite, muscovite, garnet, and, in addition, 
either staurolite or cyanite, or both, depending upon the amount of water; 
and all rocks back of the plane should carry biotite, muscovite, garnet, 
and potash feldspar. 

To check this, the projection points of the several rocks should be 
compared with the observed mineral paragenesis of the corresponding 
rocks as given in Tables 12-15. 

If it be borne in mind that the present projection tells nothing about 
the presence of quartz, or plagioclase, or of the minor constituents, such 
as magnetite or apatite, it is seen that perfect agreement exists between 
the chemical composition of a rock and its mineral content. It may 
be concluded, therefore, that, generally speaking, equilibrium has been 
attained during the recrystallization of this rock series. 

As, in the projection, H,O has been left out, the projection does not 
show, in the case of certain highly aluminous rocks, whether staurolite 
or cyanite would develop. For this purpose, another projection can be 
made, in which F and M are united to one component, A and K are 
retained, and H.O is introduced as the fourth component. If the com- 
positions of the rocks were plotted in this projection, the relation between 
staurolite and cyanite is shown to be regular, and conditioned by varia- 
tions in the water content of the several rocks.*® 


58 Obviously, water has to be regarded as a constituent oxide of a rock, for in principle there is no 
difference between H,O and any other oxide. 

F. J. Turner [Interpretation of mineral facies in metamorphic rocks, Am. Jour Sci., 5th ser., 
vol, 29 (1935) p. 409-421], however, does regard water as something different, and advances the idea 
that, under similar thermodynamic conditions, different mineral facies may develop, according to 
the amount of water present. For instance, he says (p. 420): ‘‘Several distinct facies all corresponding 
to the lowest grade of metamorphism within the ‘Zone of Chlorite’ may be recognised,” and he gives 
the following three: 

(a) CO, absent, H,O insufficient 
(b) CO, active, H,O sufficient 
(c) CO, absent, H,O sufficient. 

Thus, Turner would regard the cyanite schist as belonging to one facies (H2O insufficient), and 
the staurolite schist as belonging to ther facies (H,O sufficient). It is evident, however, that 
these cases are simple examples of rocks of different chemical composition belonging to the same facies. 
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CORRELATION BETWEEN CHEMICAL COMPOSITION AND MINERAL COMPOSITION IN 
CALCAREOUS ROCKS 


The correlation between the mineral composition and the chemical 
composition in the lime silicate rocks cannot be shown by the projection 
employed for argillaceous rocks, for the high content of CaO makes the 
A,,-value negative. But Eskola has shown that for such rocks his well- 
known A,CF-projection may be advantageously used.** An A,CF-pro- 
jection of the calcareous schists corresponding to the cyanite schist facies 
is shown in Figure 5. Three analyses of rocks of this kind have been 
made (Nos. 1, 2, and 3 in the diagram). Comparison with Tables 13 
and 18 shows that in each of these rocks, too, the mineral content is 
uniquely determined by the bulk composition. Microscopic studies of 
thin sections, and optical and X-ray analyses of the minerals, have made 
it possible to complete the diagram toward the calcite corner. It is 
noteworthy that apparently both epidote and hornblende occur in direct 
contact with carbonates (calcite or dolomite). Neither grossularite gar- 
net nor diopside seems able to form in these rocks. In one rock, com- 
posed chiefly of hornblende and plagioclase, a small amount of both 
epidote and garnet was observed. However, on separation, the garnet 
proved to be almanditic and not grossularitic (p. 787), indicating that 
the bulk composition of the rock is somewhere on the An-Hornbl-join— 
i.e., the rock shows the transition between the almandite-anorthite-horn- 
blende-paragenesis and the epidote-anorthite-hornblende-paragenesis. 


NOTE ON THE MINERAL FACIES 


The lime silicate schists here referred to are found between the Clove 
Valley and the Harlem Valley—i.e., in the area of the cyanite schists— 
and they belong, therefore, to the same mineral facies. The observations 
on the lime silicate schists are, therefore, supplementary to those of the 
cyanite schists and are of particular value in determining the mineral 
facies of all these rocks. 

Figure 6, which should be compared with Figure 5, shows the mineral 
paragenesis of the ‘‘epidote-amphibolite facies” as encountered in certain 
Archaean rocks of southern Norway, which, as far as has been ascer- 
tained, have been subjected to an anatexis.°* Among the described 
mineral facies, this seems to be the one that shows the closest similarity 
to the present facies. 

The great advantage of the facies classification is its elasticity. As 
the observations increase, the system automatically expands. In his first 


57 P, Eskola: Om sambandet hos Orijdrvitraktens metamorfa bergarter, Comm. géol. Finlande, 
Bull. 44 (1915) p. 129; The mineral facies of rocks, Norsk Geol. Tidsskr., vol. 6 (1920) p. 156. 
%8T, F. W. Barth: Kalk-und Skarngesteine im Urgebirge bei Kristiansand, Neues Jahrb. f. Mineral., 
Geol., Paliont., Beil-Bd. 57, Abt. A (1928) p. 1069-1108 (Miigge-Festschr. ). 
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paper, Eskola®® described five main facies. In his latest paper, in 
résumé, taking into account new observations by himself and by several 
‘other petrographers, he recognizes nine different facies. His scheme is 
reproduced in Table 21, and the probable position of the cyanite schist 
facies is indicated. 

The sillimanite gneisses seem to be practically isofacial with the epi- 
dote amphibolites, which thus represent the highest facies of this area. 


A, 


c Dol. Fr 


Ficure 5—A,C-F-projection of the cyanite schist facies 

Most of the rocks in this facies contain insufficient amounts of K2O to form micas; in 
such rocks, cyanite, staurolite, and/or almandite are found. Amount of these, in proportion 
to the micas, is controlled by the amount of K2O and does not appear quantitatively on the 
A,C-F-projection. Calcium-poor rocks of this type have already been discussed and quan- 
titatively plotted in the A,,F,M-K-projection. In the present projection, three calciferous 
rocks have been plotted: (1) No. 15, Table 18: Hornblende + anorthite + garnet; (2) No. 8, 
Table 13: Anorthite + garnet + biotite; (3) No. 17, Table 18: Hornblende + (anorthite) 
+ biotite. 


Lime silicate gneisses and skarn rocks associated with the sillimanite 


gneisses carry both grossularite and diopside. According to Table 21, 
the glaucophane schists depend for their formation on a local increase 


8 P, Eskola: The mineral facies of rocks, Norsk Geol. Tidsskr., vol. 6 (1920) p. 143-193. 
© P. Eskola: Om mineral facies, Geol. Fér. Fiérh., vol. 51 (1929) p. 157-172. 
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in pressure (or stress?) without much increase in temperature—in all 
probability, the position of the chloritoid schist facies is also near here, 


but its exact position is unknown. 
METASOMATISM OF THE PELITIC ROCKS 


The main series—lIt has been demonstrated that the pelites grade, 
both mineralogically and petrographically, through intermediate stages 


Ay 


Ficure 6—A,C-F-projection of the epidote amphibolite facies 
As found in southern Norway, according to T. F. W. Barth 


of slate, phyllite, and schist into gneiss-like rocks; the geological con- 
tinuity of the members of this series has been discussed by Balk in Part I. 
Here is traced the regional metasomatism that has accompanied the ad- 
vancing metamorphism of the rocks, and, indeed, has been the chief 
agency in transforming the original sediments into those well-defined 
types of schists and gneisses whose petrography has been described. 

A projection of the same type as that employed to show the relations 
between the chemical and the mineralogical composition of these rocks 


is used. 
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Figure 7 shows the projection vec- 
tors of the average compositions of the 
slates, schists, and gneisses. The chem- 
ical analyses are given in Table 22. 

The composition of the slate is sup- 
posed to come close to the composition 
of the original sediments (p. 798), and 
Figure 7 thus illustrates the gradual 
change in composition with advancing 
metamorphism of successive members 
of this rock series. The trend of the 
change is straight away from the A,, 
corner—i.e., the excess Al.O, is re- 
duced at the quickest possible rate. 

Through the plagioclase gneiss and 
the perthite gneiss the path goes 
straight toward the augen gneiss, 
which can be regarded as the last 
stage of this evolution. In the augen 
gneiss, the excess Al,O; is used up 
completely, and the original sediment 
has become mixed with magmatic 
material, both chemically and me- 
chanically. By further thorough in- 
jection of the augen gneiss with peg- 
matitic material, the gneiss finally 
grades into a granite-like rock. 

The present rock suite thus consti- 
tutes a complete and continuous series, 
from a true sedimentary rock to a 
true magmatic rock. 


Zeolite Facies. 
Green schist Facies. 


Cyanite schist* F. 


TaBLe 21.—Eskola’s nine main mineral facies 
Decreasing Temperature 
Epidote amphibolite F 
Glaucophane schist Facies. 


The second series —Another equally 
interesting series of rocks is repre- 
sented by numerous inclusions of orig-> 
inal argillaceous sediment in dolomitic 
marble. During metamorphism, the 
compact dough-like marble sheltered 
the inclusions and protected them 
from the magmatic solutions that pro- 
duced the regional metasomatism in 
the other argillaceous rocks. Never- 


Amphibolite Facies. 


* Cyanite schist facies has been introduced by the writers. 


Sanidinite Facies. 
Hornfels Facies 
Granulite Facies. 
Eclogite Facies. 


Increasing Pressure—> 
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theless, the inclusions did not altogether escape metasomatic altera- 
tion, for, during metamorphism, the adjacent dolomitic limestone seems 
to have produced solutions by virtue of which the inclusions were 
changed toward the composition of a dolomite. The chemical changes 


TABLE 22.—Average chemical composition of successive members of the rock series 
slate-augen gneiss 


Virginia Slate Schist /|Plagioclase| Perthite Augen 

slate* | average 4| average 3} Gneiss Gneiss Gneiss 

Ore 62.26 63.20 58.18 66.39 70.5 67.02 
6:5 0.60 0.82 0.93 0.74 1.0 1.41 
pe 16.89 16.93 20.45 15.20 13.8 13.96 
| are 1.76 1.57 0.98 2.41 0.4 2.36 
ee 4.55 §.11 6.51 3.96 3.6 2.73 
0.08 0.08 0.15 n. d. 
2.95 2.78 2.60 1.64 1.27 
i! Se 0.42 0.15 0.93 1.83 2.6 2.69 
ee 2.29 1.66 1.34 3.48 2.0 3.61 
3.02 3.45 5.00 2.73 3.2 5.27 
0.20 0.13 0.15 n. d. 
0 ee 3.88 3.45 2.65 0.64 1.1 0.36 
99.60 99.66 99.97 99.36 99.9 100.70 


* Quoted [F. F. Grout: Contact metamorphism of slates, Geol. Soc. Am., Bull., vol. 44 (1933) p. 997] 
to show that the slate of the present area is normal in composition. 


induced in these rocks are shown by Table 23, in which are given analyses 
of successive stages of this transformation. The graph (Fig. 8) shows, 
still better, how the changes with increasing metamorphism are directed 
straight toward the projection point of dolomite. 

Closer study of the mechanism of the metasomatism shows that the 
inclusions and the adjacent dolomitic limestone have been mutually 
reacting with each other. Not only has there been a migration of atoms 
into the inclusions, but from the inclusions there has also been a stream 
of atoms into the limestone. Because of the small bulk of the inclusions, 
as compared with the large masses of limestone, the effect of the emana- 
tions from the inclusions is not pronounced. But, in places where lime- 
stone and dolomite are found as inclusions, and schists constitute the 
country rock, noticeable contributions from the adjacent schist, with for- 
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mation of various lime silicates are found (p. 814). Thus, the metasoma- 
tism has been mutative.** A more comprehensive study of such rocks 
from the present area has not been carried out, but a chemical and 


Ficure 7—A,,F,M-K-projection of the evolution of the syntectic rock series 
slate — augen gneiss 


(1) Average composition of slates; (2) average composition of schists; (3) composition of 
the plagioclase gneiss; (4) composition of the perthite gneiss; (5) composition of the augen 
gneiss. Solid black projection point = rock No. 8 : schist inclusion in dolomite. 


mineralogical study of limestone inclusions in pre-Cambrian gneisses of 
southern Norway convincingly demonstrates the existence of a continuous 
series of rocks, from limestone to gneiss, formed by metasomatic action 
of the adjacent gneiss on the limestone.*? 

The great similarity of two analyses, 17 and A, of Table 23 is, there- 
fore, very suggestive. The schist inclusion (No. 17) of the present area 


The mechanism is the same as that which has produced the skarn rocks of this area at the 
contacts between argillaceous schist and marble; but whether the volatile emanations in this case 
were essentially magmatic or appreciably contaminated by exudations from the schists is a matter 
of speculation. [E. B. Knopf: Some results of recent work in the southern Taconic area, Am. Jour. 
Sci., vol. 14 (1927) p. 446.] , 

@T, F. W. Barth: Hin syntektischer Gesteinskompler aus dem siidlichsten Norwegen, Chemie d. 
Erde, vol. 4 (1928) p. 95-136. 
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has been changed into an amphibolite by the surrounding limestone, and 
the limestone inclusion (No. A) of the Norwegian area has been changed 
into an amphibolite by the surrounding gneisses. The fact that the two 


TABLE 23.—Chemical alteration induced in slates included in dolomitic limestone 


8 17 A 

0.16 0.04 0.13 0.14 

100.04 100.57 99.66 99.76 


1, Olive-gray slate. Copied from Table 12. 

8. Lens in dolomite. Copied from Table 13. 

17. Schist inclusion in dolomitic marble. Copied from Table 18. 

A. Amphibolite inclusion (derived from limestone) in gneiss, Baneheia, Norway. [T. F. W. Barth: 
Ein syntektischer Gesteinskompler, Chemie d. Erde, vol. 4 (1928) p. 100.] 


amphibolites are so similar indicates that the mechanism of the meta- 
somatism was essentially the same in both cases, although reversed in 
direction. 


COMPOSITION AND ORIGIN OF THE PERVADING SOLUTIONS 


The facts here presented demonstrate beyond any doubt that the pelitic 
sediments of the present area have been permeated by solutions respon- 
sible for the regional metasomatism of the sediments. 

It seems reasonable to look upon these solutions as derivations of the 
magmatic rocks, which were simultaneously intruded into the sediments. 
This is in line with contemporary petrology, as well as with the French 
school of geology, which, for half a century, has advocated the theory 
that the advance of a main magmatic intrusion is frequently preceded 
by that of a more attenuated portion, which has permeated the adjacent 
sediments. 
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The fact that the function exercised by the solutions in this area is 
that of changing an argillite into a granite (Fig. 7) seems decisive proof 
that the ultimate source of the solutions must be sought in the intrusive 
rocks. Further investigation shows, however, that the mechanism is 
not so simple as that of absorption, as a drop of oil is absorbed by a 


A, 


Cc F 


Ficure 8.—A,C-F-projection of the metasomatic changes in schist fragments 
enclosed in dolomite 


Nos. 8, 17, and A correspond to the rock analyses in Table 23. 


piece of cloth. Because of the chemical difference between the original 
solutions and the sediments, the process has been much more complicated. 

From the descriptions (p. 807) and from the analyses in Table 15, 
it is obvious that the solutions must have reacted with the adjacent sedi- 
ment. In part, the solutions have served as solvents for the sediment, 
and, in part, the sediment has extracted material from the solutions by 
precipitation. As a result, the moving solutions have been so radically 
changed, through their contact with the sediments, as to lose their identity 
as magmatic solutions, at greater distances from their foci. 
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It seems more appropriate, therefore, to see in the solutions the result 
of a partial re-solution of the sedimentary rocks themselves—a differ- 
ential anatexis in the sense of Sederholm and Eskola. 

The process may be pictured as follows: Magmatic water and other 
volatile constituents were carried into the adjacent sediments, the tem- 
perature of which was regionally increased, partly by compression and 
great shearing, partly by the proximity of subjacent and adjacent 
magmas. In this manner, the solidus point of the whole physico-chemical 
system, including the magmatic contributions, was reached, and, as a 
result of the initial deliquescence of the rock system, a pore liquid was 
formed. As the temperature rose, the liquid part increased, and a con- 
tinuous system of pore liquids was thus formed in the sediments of the 
geosyncline, in an extensive zone around the main magmatic intrusions. 

This pore liquid * also promoted recrystallization; it acted as a flux 
or catalyst for the recrystallization of the various minerals. It must be 
assumed that every molecule of the present schists and gneisses at some 
time has been dissolved, thus forming, for a time, a part of the liquid. 
By metamorphic diffusion the porphyroblastic schists were formed, and 
by metamorphic differentiation—a squeezing out of the liquid—the 
sheared schists were formed. As ferriferous minerals usually form por- 
phyroblasts, many times as big as the crystals of the colorless minerals, 
probably the ferriferous minerals were more soluble in the pore liquid 
than were the colorless minerals, and, consequently, at any one time, only 
a small amount of the colorless minerals was. in solution. Investigation 
of the material on the shear zones—the “black veins”—which are sup- 
posed to correspond essentially to the composition of the pore liquid 
(p. 809) verifies this assumption. Biotite and garnet are the only essen- 
tial minerals; quartz, plagioclase, and muscovite being conspicuously 
absent. 

Obviously the composition of the pore liquid corresponds to that frac- 
tion of the rock system most readily melted. If one had been dealing 
with igneous rocks, the pore liquid would thus have corresponded to a 
“rest-magma.” 

Fenner “ has pointed out that residual magmas should be rich in iron 
as well as in alkalis and in silica, and Eskola® has shown that the 
residual liquids are really enriched in iron, although this fact is usually 
obscured by the still-greater enrichment in potash and silica. In the 
sedimentary rocks that have not been formed by fractional crystalliza- 
tion, an obvious and unmasked enrichment of iron has taken place in 


63 It is here called “liquid,” although it is possible that it might have been above the critical point. 
6 C, N. Fenner: Crystallization of basaltic magmas, Am. Jour. Sci., vol. 18 (1929) p. 225-253. 
@ P, Eskola: Origin of granitic magmas, Min. petr. Mitt., vol. 42 (1932) p. 455-481. 
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the pore liquid. Potash has also been enriched, but silica has dropped, as 
compared with the mother rock. 

Composition, as well as amount, of this liquid must change with the 
distance from the magmatic intrusions; the farther away, the more atten- 
uated the magmatic component and the smaller the deliquesced fraction 
of the pre-existing rock. 

In slates remote from any intrusion, the magmatic contributions are 
probably confined to the quartz veins and to rare crystals of tourmaline, 
deposited along certain fault zones. In the schists, also, the magmatic 
contributions are small—although the fact that the excess of Al,O,; has 
been reduced indicates a certain influx. In the gneiss, however, the 
magmatic contributions are important. Obviously, the pore liquids of 
these rocks became mixed with magmatic liquids, thus noticeably chang- 
ing the chemistry of the original rocks. Within the gneiss zone, suc- 
cessive change in the chemistry of the rocks, with approach to the central 
intrusives, can be demonstrated. Eventually, after the sediments have 
become thoroughly soaked in magmatic solutions, and their original 
chemical composition has thus changed so as to correspond almost to that 
of a magmatic rock, they are ready to receive the magma itself. This 
is the zone of augen gneisses and lit-par-lit injections; the next zone is 
the main magmatic body. 

Folding and shearing of the sediments, during the periods when the 
magmatic solutions and emanations (syntectonic intrusions) were given 
off, seem essential for the development of a rock series of the present 
type. If the magma entered afterward, typical contact metamorphism 
would be produced. 


SUMMARY AND CONCLUSIONS 


The Paleozoic sediments of southeastern New York were metamor- 
phosed by the intrusion of various kinds of magmatic matter, contem- 
poraneous with mountain folding. The derivatives of the argillaceous 
sediments are of special petrographic interest, and the mineral changes 
induced constitute the chief subject of this paper. 

In the Hudson River slate, one can normally distinguish three different 
mineral facies, together forming the facies group of the argillaceous rocks 
of this area. They are, from northwest to southeast: (1) Muscovite slate 
facies; (2) cyanite schist facies; (3) sillimanite gneiss facies. Three 
additional mineral facies, developed locally within confined parts of the 
area, are represented by the following rock types: chlorite schists, glau- 
cophane-bearing chlorite schists, chloritoid schists. 


®E. Bederke: Die Regionalmet phose im Altvatergebirge, Geol. Rundschau, vol. 26 (1935) 
p. 108-124. 
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The composition of the various metamorphic minerals, or, rather, the 
range of composition (for most of the minerals are solid solutions), the 
change of composition with changing grade of metamorphism, the range 
of stability in relation to the metamorphism and in relation to the sur- 
rounding rock (Table 20), are all factors that have been investigated, 
in order to obtain more light on the origin and evolution of the present 
rock series. New chemical or optical analyses, or both, are given for 
the following mineral species: Muscovite, biotite, garnet, staurolite, cya- 
nite, sillimanite, feldspar, tourmaline, hornblende, glaucophane, chlorite, 
chloritoid. 

Petrographic descriptions of the several rock types found within the 
area are given, and 18 new chemical analyses of rocks are published. 

Quantitative relations between the chemical composition and the min- 
eral composition of the argillaceous rocks are graphically shown in 
Figure 4; the rocks and their constituent minerals are here plotted in 
the so-called A,,-F,-M-K-projection, especially devised for this purpose. 
In the calcareous rocks, these relations are best brought out by the well- 
known A,-C-F-projection of Eskola (Fig. 5). From the projections, it 
can be seen that there is perfect agreement between the chemical com- 
position of a rock and its mineral content. Generally speaking, therefore, 
equilibrium has been attained during the recrystallization of this rock 
series. 

Chemical and microscopical rock analyses demonstrate that the argil- 
laceous sediments, both mineralogically and petrographically, grade into 
gneiss-like rocks, through intermediate stages of slate, phyllite, and 
schist (Fig. 7). The conclusion has been reached, therefore, that, during 
the period of orogenesis, the sediments were heated and stewed in liquids 
of magmatic and anatectic origin, which reacted with the sediments and 
metasomatically transformed them into well-defined types of schists 
and gneisses. 

This process may be pictured as follows: Magmatic water and other 
volatile constituents were carried into the adjacent sediments, the tem- 
perature of which was regionally increased, partly by compression and 
great shearing, partly by the proximity of adjacent and subjacent mag- 
mas. In this way, the solidus point of the whole physico-chemical sys- 
tem, including the magmatic contributions, was reached, and, as a result 
of the initial deliquescence of the rock system, a pore liquid was formed. 
As the temperature rose, the liquid part increased, and a continuous 
system of pore liquids was formed in the sediments of the geosyncline, 
in an extensive zone around the central magmatic intrusions. 

This pore liquid also promoted recrystallization; it is assumed that 
every molecule of the present schists and gneisses has at some time been 
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dissolved, thus forming for a time a part of the liquid. By metamorphic 
diffusion, porphyroblastic schists were formed, and by metamorphic dif- 
ferentiation—a squeezing out of the liquid—sheared schists were formed. 

Undoubtedly, the composition and amount of this liquid changed with 
distance from the magmatic intrusions; the farther away, the more atten- 
uated the magmatic component and the smaller the deliquesced fraction 
of the pre-existing rocks. In slates remote from any intrusion, the mag- 
matic contributions are probably confined to quartz veins and to rare 
crystals of tourmaline deposited along certain fault zones. In the schists, 
also, the magmatic contributions are small, although the fact that the 
excess of Al,O, has been reduced indicates a certain influx. In the 
gneisses, however, the magmatic contributions are important. Obviously, 
the pore liquids of these rocks became mixed with magmatic liquids, 
thereby noticeably changing the chemical composition of the rocks. 
Within the gneiss zone, successive change in the bulk composition of the 
rocks becomes obvious with approach to the intrusives. Eventually, 
after the sediments had become thoroughly soaked in magmatic solutions, 
and the original chemical composition changed so as to correspond almost 
to that of a magmatic rock, they were ready to receive the magma. That 
is the zone of augen gneisses and lit-par-lit injections; the next zone is 
the main magmatic body. 

In order to avoid confusion, the writers proposed to use the term “syn- 
tectic” for rocks that have been formed by stewing of pre-existing rock 
material in liquids of magmatic and/or palingenic origin, and, in accord- 
ance with present usage, reserve the term “metamorphic” for re-crystal- 
lized rocks derived from pre-existing sedimentary or igneous material 
without essential anatectic or metasomatic alteration. Syntectic rocks 
are, therefore, different from igneous, metamorphic, and sedimentary 
rocks. A brief survey of this new, four-fold genetic classification of the 
rock system is given in Table 24. 

It is believed that syntectic rocks have a wide distribution in the 
pre-Cambrian, as well as among the younger orogenies. 


GENERAL CONSIDERATIONS 
A FOUR-FOLD GENETIC CLASSIFICATION OF THE ROCKS 


The writers believe that this investigation has yielded the following 
schematic conception of the evolution of the present rock series: During 
a period of orogenesis, the downfolded Paleozoic sediments in south- 
eastern New York were heated and stewed in liquids of magmatic and 
anatectic origin,’ thus forming the rock series (sediment) — slate > 


= This eoyens has been called “syntectonic imbibition” by Seng [H. Seng: Beitriige zur petro- 
tekt hen Analyse des siichsischen Granulitgebirges, Min. petr. Mitt., vol. 45 (1934) p. 412. 
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schist — gneiss — augen gneiss — (intrusive granite). In this series, 
the chemical composition changed gradually from that of an argillaceous 
slate, through schist and gneisses, to granite. There is no difficulty in 
describing both the slate and the schist phases as metamorphic sediments. 
But what should one call the gneisses? The chemistry of this rock type 
shows some relation to that of a sediment, but it also shows relations 
to an igneous rock; and, owing to metasomatic processes, the mixing of 
the igneous and the sedimentary components has been so intimate that 
every mineral molecule in this type of rocks has received contributions 
from both sources. In the augen gneiss, which represents a further step 
toward the magmatic end of the rock series, much sedimentary material 
is present, but, in all probability, the magmatic contributions are quan- 
titatively more important; there may be some justification, therefore, 
for calling this rock an ortho-gneiss, for the augen gneiss finally grades 
into pegmatite that is of truly magmatic origin. 

Thus, the series is complete—at the one end, the sediments and the 
para-gneisses; at the other end, the eruptives and the ortho-gneisses— 
but in between, and exhibiting all gradations to the other types, are rocks 
of mixed origin, which it is absurd to speak of as ortho-gneisses or para- 
gneisses. But what should one call these rocks and their congeners, 
which are neither metamorphic sediments nor metamorphic igneous rocks? 

Rocks of this type have been described before. In his classical paper 
on granite and gneiss, Sederholm writes (translated from Swedish) : 


Orderly arrangement is, indeed, as fine a thing in science as in social life. But it 
must not grow into a screen of neglect. And it is a neglect of facts, if one tries to 
compress all rocks into two distinct groups—igneous and sedimentary—each with 
its accompaniment of metamorphic derivatives. For the two groups are not as 
distinct as has been assumed by some masters of petrography, who have loved order. 
The igneous and sedimentary rocks grade into each other on the surface of the earth, 
in the untransported alteration products of igneous rocks. And they grade into each 
other in the depths of the earth, where the high temperatures iron out all differences.” 
The continuity is complete, the cycle in inorganic nature is without a break.” 


A rock series very similar to the one of southeastern New York has 
been described from the Stavanger district by Goldschmidt.”® Through- 
out his work, he distinguished between “metamorphism” and “injection 
metamorphism.” According to his classification, therefore, the gneisses 
under consideration should be called “injection metamorphic rocks.” This 


® This postulate of high temperature was later modified by Sederholm. A “hydrothermal fusion”’ 
at moderate to low temperatures has the same effect (p. 841). 

@ J. J. Sederholm: Om granit och gneiss (with English summary: On granite and gneiss, their origin, 
relation and occurrence in the pre-Cambrian compler of Fenno-Scandia), Comm. géol. Finlande, 
Bull. 23 (1907) p. 89. 

7 VY, M. Goldschmidt: Die Injektionsmetamorphose im Stavanger-Gebiete, Vid. Akad. Skr. I. Oslo, 


no. 10 (1921) p. 1-142. 
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term describes the genesis, but it is long and cumbersome. For reasons 
that will be given, the writers think it better to avoid the use of the 
word metamorphic as applied to these gneisses, and prefer to refer them 
to a new genetic division of the system of rocks. 

For this new fourth division, comprising rocks of mixed origin, the 
writers have used the term “syntectic.” ™ 

Ample justification for this innovation will be given, but, first, the 
meaning of some other terms that are frequently used in geological liter- 
ature should be made. 

The term metamorphic was first proposed by Lyell, whe wrote: 


“According to the Huttonian theory, which I adopt as the most probable” . . . the 
materials of these strata were originally deposited from water in the usual form of 
sediments, but they were subsequently so altered by subterranean heat, as to assume 
a new texture. ... 

“How far hot water and steam permeating stratified masses under great pressure 
has co-operated to produce the crystalline texture, may be matter of speculation, 
but it is clear that the plutonic influence has sometimes pervaded entire mountain 
masses of strata... . 

“In accordance with the hypothesis above alluded to, I proposed in the first 
edition of the Principles of Geology (1833), the term ‘Metamorphic’ for the altered 
strata.” 


Thus, Lyell regarded metamorphism as a process by which stratified 
rocks (i.e., sediments) were re-crystallized. 

It soon became clear, however, that igneous rocks, as well as sediments, 
were susceptible of metamorphic alterations, and the prefixes “ortho-” 
and “para-” were introduced by Rosenbusch, to indicate, respectively, 
igneous or sedimentary origin of a metamorphic rock.” 

Still later, for instance, by C. R. Van Hise, the term, metamorphic has 
been employed in a wide sense, so as to cover any change in the composi- 
tion and structure of any rock, through whatever agency, and with or 
without gain or loss of substance. Lindgren comments on this usage as 
follows: 


“This would include weathering and the development of any kind of epigenic 
deposit, such as mineral veins, in a rock. Geologists have not generally accepted this 
wide definition.” * 


In a recent paper Wegmann [C. E. Wegmann: Zur Deutung der Migmatite, Geol. Rundschau, 
Bd. 26 (1936) p. 305-350] discusses the genesis of similar rock types, and his ideas are essentially 
consistent with those set forth in the present paper. But what is here called syntectic rocks, he 
calls migmatites. The writers are at one with his terminology and propose to use “‘migmatic” 
and “migmatism” instead of “syntectic” and ‘‘syntexis.” 

72 In a later chapter, Lyell states (p. 88): “In his [Hutton’s] writings . . . we find the germ of that 
metamorphic theory which has been already hinted at in the first chapter.” 

7 Charles Lyell: Elements of Geology (1865) p. 8. London. 

™% Cf. British Petrographic nomenclature, Min. Mag., vol. 19 (1921) p. 142. 

7% W. Lindgren: Mineral deposits (1919) p. 68. 
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Even the modern French school, which, in the earlier writings of 
Lacroix, Barrois, Termier, and others, has such illuminating examples 
of the generality and potency of metasomatic processes in petrogenesis, 
does not regard these processes as instrumental in the formation of the 
metamorphic rocks.” 

In the German literature, the same definition of metamorphism is 
usually found. Apparently, the only ones who hint at solutions or meta- 
somatic processes as constituting part of the metamorphism are Gruben- 
mann and Niggli.’? 

Very similar to their definition is that of Daly, given in 1917, as 
follows: 

“Metamorphism is the sum of the processes which, working below the shell of 
weathering, cause the recrystallization of the original crystalline materials in the 
rocks (with or without chemical reactions) or the crystallization of original amor- 
phous materials in rocks, the change in each case not being accompanied by general 
melting of the rock or by general simultaneous solution of its constituents.” ® 

Whether or not, Daly includes, for instance, metasomatism as a special 
kind of metamorphism, is not quite clear. Nor is Lindgren definite on 
this point, for he says: 


“Hydrothermal metamorphism includes the changes effected in rocks by circulating 


hot ascending waters. . . . [It] is local and almost always involves changes of com- 
position.” But later, he says: “Metasomatic rocks, that is rocks which have suffered 
a change in composition, . . . In contrast to this the ordinary metamorphic processes 


in rocks are carried on by the scant rock moisture, and while there is metasomatism 
in detail the composition as a whole is but little changed.”™ 


No word should be over-used, and the writers believe that, unless a 
limitation is placed on the use of the word, metamorphism, it may soon 
be used indiscriminately to cover metasomatism, syntexis, anatexis, im- 
bibition, and others, none of which are “ordinary metamorphic processes” 
according to Lindgren. 

It is true that several authors—perhaps most American authors—have 
regarded material transfer, whether by magmatic, pneumatolytic, or 
hydrothermal solutions, as a phase of metamorphism; and, to them, the 
exclusion of certain such processes from the category of metamorphism 
may seem arbitrary. But even they must know that in this case, also, 
there is a practical limit, that “metamorphic limestone” is not the 
usual designation for a dolomite, although it was manifestly formed 
metasomatically from a limestone, nor has any such term been used for 


76 J, de Lapparent: Lecons de Pétrographie (1923) p. 480, 482. Paris. 

77 N. Grubenmann and P. Niggli: Die Gesteinsmetamorphose (1924) p. 1. Berlin. 

78R. A. Daly: Metamorphism and its phases, Geol. Soc. Am., Bull., vol. 28 (1917) p. 391. 
7 W. Lindgren: op. cit., p. 68, 69. 
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a gabbroic amphibolite, such as described by Adams and Barlow ® from 
the Haliburton ares. 

The weathering processes have been excluded from metamorphism, and 
so have the epigenetic processes. Other processes of material transfer, 
because less studied and less understood, have not yet been systematically 
classified, but clearly they do not belong to the “ordinary metamorphic 
processes,” and a boundary between such processes and metamorphism 
proper must be drawn somewhere. 

Some of the gneisses described in the present report—and, more gen- 
erally, rocks of similar origin—should, therefore, not be termed meta- 
morphic. 

In order to avoid confusion, the writers propose to use the term 
syntectic for rocks that have been formed by stewing of pre-existing rock 
material in liquids of magmatic and/or palingenic origin, and, in accord- 
ance with present usage, they reserve the term “metamorphic” for re- 
crystallized rocks derived from pre-existing sedimentary or igneous 
material, without essential anatectic or metasomatic alteration. (Defi- 
nitions of anatexis and metasomatism are to be found on p. 841 and 842. 

It might be queried why syntexis could not be regarded as a special 
kind of metamorphism, rather than as an entirely different process. In 
such a case, the term would correspond, in a general way, to the injec- 
tion metamorphism of Goldschmidt, on the one hand, and to the ultra 
metamorphism of Holmquist,®* on the other. The chief argument against 
this usage is that syntectic rocks are just as different from metamorphic 
rocks as they are from igneous rocks. The fact that rocks of essentially 
different mode of origin have been classed together, made petrographers 
fail to see their individual character. The study of both metamorphic 
rocks and syntectic rocks has been hampered in the past, because of an 
unfortunate method of classification. 

In the new system, emphasis is laid on the essential difference between 
the two groups, a fact which, it is believed, will initiate new progress 
in the study both of metamorphic rocks and of syntectic rocks. 

A rapid survey of the four-fold genetic classification of the rocks, as 
here proposed, is given in Table 24. 

The division line between metamorphic and syntectic, on the one side, 
and syntectic and magmatic, on the other, is arbitrary, but so are all 
division lines in a petrographic system. Cases will always be encoun- 
tered, where doubt exists as to the class to which they should properly 


8 F. D. Adams and A. E. Barlow: Geology of the Haliburton and Bancroft areas, Province of 
Ontario, Canada Geol. Surv., Mem., vol. 6 (1910). 419 pages. 

81 P. J. Holmquist: Adergneisbildning och magmatisk assimilation, Geol. Fér. Férh., vol. 29 (1907) 
p. 318; The Archean geology of the coast regions of Stockholm, ibid., vol. 22 (1910) p. 806; Typen 
und Nomenklatur der Adergesteine, ibid., vol. 43 (1921) p. 612-631. 
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be referred. Such intermediate cases do not invalidate the general use- 
fulness of the proposed classification. As distinct from mathematics and 
theoretical physics, the rocks cannot be treated with schematic accuracy ; 


TaBLe 24—A four-fold genetic classification of rocks 


High Temperature 


Low Temperature 


Igneous Division 


Igneous Rocks proper 
Formed by congealing of a 
magma 


Expl: Gabbro, Basalt —— 


Vein Rocks 

Formed by precipitation 
from hydrothermal solu- 
tions 


egmatite —— Quartz Veins 


II 


Syntectic Division 


Syntectic Rocks 


Formed by stewing of previously 
solidified rocks in liquids of mag- 
matic and/or palingenic origin 


Metasomatic Rocks (and 
partially Diaphthoritic 
Rocks ?) 

Formed by stewing of 
solid rocks in low-temper- 
ature liquids 


Expl: Syntectic Rocks — Feldspathized Schists —— Spilite 


Metamorphic Rocks 
Formed by (re)crystallization of 


Diagenic Rocks 
Formed by diagenesis 


Ill solid rocks without appreciable 
change of the bulk composition 
Metamorphic Division | of the rock, and not accom- 
panied by appreciable melting 
or (simultaneous) solution of the 
constituents 
Expl: Hornteis Slate —— Hardened Clay 
IV Sedimentary Rocks 
Formed by sedimentation 
Sedimentary Division of clastic material 


all schematic classifications are to be regarded as idealized cases that 
approximately correspond to the physical facts. 


VARIOUS SYNTECTIC ROCKS 


According to the writers’ definition, syntectic rocks are formed by the 
stewing of pre-existing rock material in liquids of magmatic and/or 


palingenic origin. 
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First, the liquid will be considered as a magma, in which fragments 
of solid rock are cooked until more or less completely digested. 

Syntectic rocks of this type, verging on an igneous origin, have now 
been described from several parts of the globe. Some report the digestion 
as complete, and the resulting rock as massive and homogeneous, and 
not easily to be distinguished from a truly magmatic rock. Others report 
that vestiges of the solid fragments may be seen, now, of course, exten- 
sively altered by metasomatic processes. 

As the ratio of the solid fragments becomes larger, the resulting rock 
type changes, with all gradations, into migmatites and injection gneisses. 
As the augen gneiss of the present report belongs here, a few words should 
be said about the term injection gneiss. It is a good word insofar as it 
conveys the idea that igneous matter has been injected into the rock. 
This is undoubtedly true, but one should be careful not to carry the 
picture so far as to look upon the feldspar augen as having been injected 
as such.*? The formation of the augen is a typical example of porphyro- 
blastic growth, and the writers are convinced that this is a complicated 
process. The surrounding solution, from which the feldspar porphyro- 
blasts grew, cannot have been a pure magmatic solution, for, at this 
stage of an injection gneiss, metasomatic processes have been at work 
in the rock for such a long time that the liquid phase has been consider- 
ably “contaminated” with sedimentary material. Indeed, every atom 
of the rock has probably several times been in solution and again pre- 
cipitated, this reiterated process resulting finally in a complete mixing 
and a distribution of the magmatic and sedimentary contributions. The 
material of one of the “injected” feldspar augen, for example, is, there- 
fore, not purely magmatic. In augen gneiss, an appreciable fraction 
of the Al-atoms in the feldspar has probably been derived from the 
original sediment, whereas most (but certainly not all) of the K-atoms 
in the same feldspar may have been brought in by the magma. 

If the liquid part of the system has been still smaller—the process 
being more of a steeping of the solid rocks—the resulting syntectic rock 
will be of the type of the perthite gneisses and plagioclase gneisses 
described in this report. As has been explained, these gneisses grade 
insensibly into schists and slates of truly metamorphic origin. 


PETROLOGY OF SYNTECTIC ROCKS 
Syntexis means a melting together. It applies to rocks in which solid 
fragments were more or less completely assimilated by a magmatic 
liquid, as well as to rocks in which the liquid part formed a less signifi- 
cant percentage of the whole system. It is essential only that, at any 


82 Compare section on porphyroblasts, p. 806. See also V. M. Goldschmidt: Injekti t ‘phose, 
p. 50. 
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one time, at least a portion of the rock was liquid. When, however, 
the liquid portion was so small as to be unessential in the fashioning of 
the rock, the resulting rock type should be called metamorphic, rather 
than syntectic. 

It is believed that this definition, and the proposed four-fold classifica- 
tion of rocks, would have won the approval of the late J. J. Sederholm. 
Indeed, Sederholm himself must have had in mind the possibility of a 
future four-fold classification of rocks, for he did not approve of Holm- 
quist’s designation, ultra metamorphic, for rocks here called syntectic, 
because the genetic processes involved “are not only stronger in grade 
[than the metamorphic processes] but also essentially different, because 
leading to the formation of rocks which are no more crystalline schists, 
but in which at least one of the components behaves as an eruptive.” ** 

The term, anatexis, was first used by Sederholm * in his study of 
pre-Cambrian gneisses, to describe certain observed factors that were 
interpreted as indicative of a more or less complete remelting of rocks 
at high temperatures. However, later progress in the physical chemistry 
of silicate melts made this assumption untenable, and Sederholm redefined 
the term accordingly: “anatexis . . . corresponds to refusion, although 
in some cases re-solution would be more appropriate. . . .” * 

In several thought-provoking papers, Eskola ** has emphasized that 
anatexis is essentially a selective re-solution process, going on in solid 
rocks that are soaked in liquors given off by a nearby intrusive magma. 
The temperature is, therefore, not necessarily high. 

This conception of anatexis is adopted in the present paper. The 
writers agree with Sederholm in regarding the anatectic processes as 
essentially different from metamorphic processes. To be sure, anatexis, 
thus defined, is seen as the chief agency responsible for the formation 
of the syntectic rocks. Sederholm *’ recognized the fundamental simi- 
larity of anatectic processes (palingenic processes) to the processes of 
the injection metamorphism as described by Goldschmidt from the Sta- 
vanger district. He, also, had characterized anatexis as an ultra meta- 
somatism; indeed, there can be no doubt that it is the metasomatic 
processes which stamp the syntectice rocks with their own character. 

Metasomatism is fundamentally a change, atom for atom, in a rock 


3 J. J. Sederholm: On migmatites and associated pre-Cambrian rocks II, Comm. géol. Finlande, 
Bull. 77 (1926) p. 135. 

* J. J. Sederholm: Om granit och gneiss, Comm, géol. Finlande, Bull. 23 (1907) p. 49. 

% J. J. Sederholm: On migmatites and associated pre-Cambrian rocks II, Comm. géol. Finlande, 
Bull. 77 (1926) p. 135. 

86 P, Eskola: On the origin of granitic magmas, Min. petr. Mitt. (Tschermak), vol. 42 (1932) 
p. 455-481; On the differential anateris of rocks, Soc. géol. Finlande, C. R., vol. 7 (1933) p. 12-25. 

87 J, J. Sederholm: On migmatites and associated pre-Cambrian rocks II, Comm. géol. Finlande, 
Bull. 77 (1926) p. 86. i 
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mineral. It corresponds to what several American authors have called 
replacement. 

More and more, the importance of metasomatic processes in petro- 
genesis is being recognized.** Broch ** distinguishes between mutative, 
additive, and expulsive metasomatism. Distinction should also be made 
between a mineral metasomatism and a rock metasomatism.” 

In syntectic rocks, the processes of metamorphic diffusion and meta- 
morphic differentiation are of high importance. Stillwell ® defined the 
term metamorphic diffusion as a process of molecular movement in a 
rock that is, to all intents and purposes, solid. Eskola,®? without knowing 
of Stillwell’s work, considered metamorphic diffusion as at least partly 
promoted by an interstitial liquid, present in the pores of the rock. 

Although the writers are aware that the old dogma corpora non agunt 
nisi fluida is not true,** they do believe that in most actual cases the 
metamorphic diffusion is essentially a process of liquid diffusion, whereas 
the true solid diffusion, as considered by Stillwell, is of relatively little 
importance. This does not mean, however, that metamorphic diffusion 
is unessential in metamorphic rocks, for it is believed that all meta- 
morphic rocks have had sufficient pore liquids to effect the diffusion,” 
but that diffusion has been materially promoted where anatectic processes 
have been at work. 


88 See, for example, the interesting discussion that has been going on in Geol. Fér. Férh. from 
1933 to 1935, with contributions by Gavelin, Geijer, Holmquist, Magnusson, Sundius, and others. 

Another interesting discussion is that conducted by J. A. Dunn and J. L. Stuckey, concerning 
the genesis of cyanite and other aluminum silicates [Origin of cyanite, Econ. Geol., vol. 30 (1985) 
p. 444-450]. 

80. A. Broch: Ein suprakrustaler Gneiskompler auf der Halbinsel Nesodden bei Oslo, Norsk Geol. 
Tidsskr., vol. 9 (1906) p. 200. 

% W. Lindgren: Metasomatism, Geol. Soc. Am., Bull., vol. 36 (1925) p. 247-262. 

V. M. Goldschmidt: On the metasomatic processes in silicate rocks, Econ. Geol., vol. 17 (1922) 
p. 105-123. 

1 F, L. Stillwell: The metamorphic rocks of Adelie Land, Sci. Repts. Australasian Antarctic Exped. 
1911-1914, ser. A, vol. 3, pt. I (1918) p. 93-121. 

%P. Eskola: On the principle of metamorphic differentiation, Soc. géol. Finlande, C. R., vol. 5 
(1932) p. 68-77; Conditions during the earliest geological times as indicated by the Archean rocks, 
Acad. Sci. Fennicae, Ann., ser. A, vol. 36, no. 4 (1932) p. 54-59; The term “metamorphic differentiation”’ 
first proposed by Stillwell, Soc. géol. Finlande, C. R., vol. 7 (1933) p. 45-46. 

*% F, D. Adams: The transfusion of matter from one solid to another under the influence of heat— 
a new factor in the process of metamorphism, Canad. Jour. Research, vol. 2 (1930) p. 153-161. 

P. Eskola: Diffusion and reactions in solids, Soc. géol. Finlande, C. R., vol. 8 (1934) p. 1-14, 
with numerous references to experiments by W. Spring, M. C. Lea, G. Tammann, A. J. Hedvall, 
W. Jander, and others. 

% Pore liquid has, also, of course, affected the re-crystallization, and the distinction between 
metamorphic and syntectic may, thus, seem obscure. In the writer’s opinion, the mechanism of 
the re-crystallization processes in a metamorphic rock is the same as that of the metasomatic replace- 
ment process in a syntectic rock; but in the metamorphic rock the liquid acted only as a catalyst, 
promoting processes without changing the chemical composition of the rock. In the syntectic rock, 
however, the liquid acted metasomatically, thereby changing the initial chemical composition of 
the rock. To bring out this difference, metamorphism may be considered as a metabolism of rock, 
syntexis as a metasomatism of rock. ‘ 
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If anatexis is accompanied by shearing forces in the solid rock, the 
interstitial liquid will be squeezed out, leaving a solid residue, of a 
different chemical composition. This phenomenon has been especially 
studied by Eskola, and is believed to be the most important mechanism 
in metamorphic differentiation. 

Metamorphic differentiation, therefore, applies almost exclusively to 
syntectic rocks. This is significant and may form the basis for future 
genetic sub-classification. In the same way as magmatic differentiation 
is ruled by fractional crystallization, metamorphic differentiation is ruled 
by fractional deliquescence.** It is possible, therefore, that, eventually, 
the syntectic rocks will be subdivided into a greater number of individual 
types than are now the igneous rocks, for they afford greater possibilities 
of hybridization and greater variations in the original composition. This, 
however, is an untouched field of petrography, and the writers wish merely 
to direct attention to its possibilities. 


METASOMATIC ROCKS AS A SUB-GROUP OF SYNTECTIC ROCKS 


Syntectic rocks are closely related to rocks of replacement origin—i.e., 
the so-called metasomatic rocks—which are here defined as rocks whose 
chemical and mineral composition has been changed by replacement, 
through the action of low-temperature solutions. 

Included among such rocks are, for instance, dolomite formed from 
limestone through the action of sea-water, certain pegmatites,°* pluma- 
sites,?? and a whole series of other rocks recently studied by Gilluly 
and Terzaghi,*® for which a metasomatic origin has been advocated. 

Eskola '°° has been able in the laboratory to reproduce the spilite reac- 
tion by stewing calcic plagioclase in sodium carbonate-bearing and sili- 
cate-bearing solutions, at temperatures around 300 degrees, the original 
calcic plagioclase thereby being replaced by albite. 

Such metasomatic rocks, therefore, bear the same relation to the syn- 
tectic rocks proper as do certain vein rocks (e.g., quartz veins) to igneous 
rocks. And, to make this rock classification still more symmetrical, it 


% P, Eskola: Origin of granitic magmas, Min. petr. Mitt. (Tschermak), vol. 42 (1932) p. 455-481. 
(Eskola uses “‘re-fusion’’ but the writers prefer ‘‘deliquescence”’ since fusion may be taken to imply 
very high temperature.) 

%F, L. Hess: The natural history of the pegmatites, Eng. and Min. Jour. Press, vol. 120 (1925) 
p. 3-12, 

W. T. Schaller: The genesis of lithium pegmatites, Am. Jour. Sci., vol. 10 (1925) p. 269-279. 

 E. S. Larsen: A hydrothermal origin of corundum and albite bodies, Econ. Geol., vol. 23 (1928) 
p. 398-433. 

8 James Gilluly: Replacement origin of the albite granite near Sparta, U. S. Geol. Surv., Prof. 
Pap. 175-C (1933) p. 65-81; Keratophyres of eastern Oregon and the spilite problem, Am. Jour. Sci., 
vol. 29 (1935) p. 225-253, 336-352. (With many references.) 

® Ruth Doggett Terzaghi: The origin of potash-rich rocks, Am. Jour. Sci., vol. 29 (1935) p. 369-380. 
(With references to the earlier literature.) 

100 P, Eskola, U. Vuoristo, and K. Rankama: An experimental illustration of the spilite reaction, 
Soc. géol. Finlande, C. R., vol. 9 (1985) p. 1-8. 
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should be pointed out that in the diagenic rocks also the metamorphic 
rocks have their low-temperature counterpart (Table 24). 

The diaphthoritic rocks are another type that may belong to this 
category. Diaphthoresis occurs when a rock that has come to equilibrium 
in a certain mineral facies is reconstituted in response to the conditions 
of a lower mineral facies. 

Obviously, most rocks have been subjected to the conditions of lower 
mineral facies than those of their present mineral assemblage. But they 
have not responded to the change of environment. Why? The answer 
seems to be that all reactions at these temperatures are so slow as to 
preserve the initial mineral phases indefinitely. The rocks need a cata- 
lyst in order to change to a lower facies. Such catalysts are the hydro- 
thermal solutions which act, not only catalytically but also metaso- 
matically, so as to change the bulk composition of the rock, through 
replacement of the old minerals by new and different minerals. 

Certain chlorite schists and other diaphthoritic rocks may, therefore, be 
metasomatic in origin. 

It is not denied that diaphthoritic changes may also take place in an 
environment so “dry” as to have no great effect on the bulk composition 
of the rock. 

DISTRIBUTION OF SYNTECTIC ROCKS 

Pre-Cambrian.—Many petrologists have contended that certain pre- 
Cambrian gneisses are neither para-gneisses nor ortho-gneisses, but are 
syntectic rocks, formed metasomatically through interaction between 
magmatic and sedimentary material. 

A résumé of this view has been given by Niggli,° who has also 
described these types of gneisses in a way that, according to this new 
terminology, necessarily implies a syntectic origin. 

The present petrographic study adds strong support to this view, for, 
whereas in all pre-Cambrian regions of which the writers know, only 
the end products are found—viz., banded gneisses, injection gneisses, 
venites, arterites—in the present area, the evolution can be followed, step 
by step, through the whole syntectic rock series—slate, phyllite, schist, 
gneiss, augen-gneiss, injection gneiss. It is as if one saw rocks like the 
pre-Cambrian gneisses in statu nascendi. 

It is believed, therefore, that most of the pre-Cambrian gneisses of 
the type mentioned are syntectic in origin—they do not represent original 
sediments, and the banding has not necessarily anything to do with 
original bedding; they are not even sediments that have been injected 
lit-par-lit by magmatic material, but represent the result of a syntexis 
of igneous material and partially resolved sediments, with lively chemical 


” U. Grubenmann and P. Niggli: Die Gestei: t phose (1924) p. 353. 
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interchange (metasomatism) between the liquid and the solid phases, 
frequently preceded and accompanied by folding and shearing, whereby 
the liquid phases are squeezed out over long distances, thus materially 
promoting the metamorphic differentiation. 

It is impracticable in this place to give a full bibliography of the 
distribution of these pre-Cambrian gneisses—they have been reported 
from all the larger pre-Cambrian regions of the earth. A good bibliog- 
raphy up to 1924 is in Grubenmann-Niggli’s “Gesteinsmetamorphose” 
p. 341-347; also, in Sederholm’s “On migmatites and associated pre- 
Cambrian rocks,” I, Comm. géol. Finlande, Bull. 58 (1923) p. 3-13. 


Post-Cambrian.—The Appalachian geosyncline of southeastern New 
York offers an example of an old mountain chain, the roots of which 
have been uncovered by denudation, and the writers have endeavored 
to demonstrate that, in this level of the mountain chain, syntectic rocks 
constitute one of the normal petrographic products of orogenesis. It 
seems reasonable, therefore, to suspect the presence of syntectic rocks in 
all mountain chains that have been equally deeply eroded, as, for instance, 
in the Caledonian mountain chain, of Paleozoic age, extending in a semi- 
circle from Scotland, through the whole length of Scandinavia and Spitz- 
bergen, into Greenland. Study of the petrographic literature on Cale- 
donian rocks shows this to be the actual case. 

Many areas of the Highlands of Scotland, for instance, are undoubtedly 
underlain by syntectic rocks.1°? But the most convincing area is prob- 
ably the Stavanger district in southwestern Norway, described by Gold- 
schmidt !° in his great monograph frequently referred to in this paper. 
What Goldschmidt has called “Injektionsmetamorphose” is, in all essen- 
tials, identical with what is here called ‘“syntexis.” 

In the Mégster ?™ district north of Stavanger, similar conditions seem 
to prevail. 

Much farther north, in the Trondhjem district, Carstens ‘°° has studied 
schists and augen-gneisses that are strikingly similar to those in the area 
under discussion. 


102 For reference to the numerous papers on these rocks, see A. Harker: Metamorphism (1932) p. 188. 
London. 

108 VY, M. Goldschmidt: Die Injektionsmetamorphose im Stavanger-Gebiete, Vid. Akad. Skr. I., Oslo 
(1921). 143 pages. 

1% N. H. Kolderup: Die Injektionsmetamorphose des Dolomitmarmors im Modgstergebiet im west- 
lichen Norwegen, Bergens Museums Aarbok (1923-1924) no. 1, 64 pages. 

10 C, W. Carstens: Metamorphe Facies normalpelitischer Sedimente. Idem. Die Augengneise 
westlich des Trondhjemgebietes. Norske Vid. Selsk. Skr. Trondhjem, no. 1 (1928) p. 25-42, 64-68; 
Ein aus Rapakivigesteinen umgewandelter Augengneis, Norsk. Geol. Tidsskr., vol. 8 (1925) p. 235-249. 

See also V. M. Goldschmidt: Geol.-petr. Studien im Hochgebirge des siidl. Norwegens, Vid. 
Akad. Skr., Oslo (1916) no. 2, p. 118. 
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From the Caledonian geosyncline of the Kebnekaise and Kvikkjokk 
district in northern Sweden, Quensel *°* and Gavelin 1°? have described 
the following rock series, which obviously contains syntectic members: 

Quartz-muscovite-chlorite phyllite 

Quartz-muscovite-biotite-garnet schist 

Porphyroblastic albite schist with garnet and amphibole 

Mica-rich augen-gneiss. 
From eastern Greenland, Backlund *°* and Wegmann?” have described 
Caledonian rocks of syntectic origin. 

In many other areas of mountain folding, syntectic rocks have also 
been found in large quantities. Generally speaking, the writers have 
found that syntectic rocks are found (together with metamorphic rocks) 
in regions of syn-tectonic intrusions. In regions of post-tectonic intru- 
sions, however, the purely metamorphic rocks predominate. 


Mrneratocisx Instirut, Osto, Norway. 
MANUSCRIPT RECEIVED BY THE Secretary or THE Society, Sepremser 27, 1935. 
ACCEPTED BY THE COMMITTEE ON PusLicaTions, 1935. 


106 P. Quensel: De kristallina Sevebergarternas geologiska och petrografiska stallning inom Kebne- 
kaise-omrédet, Geol. Fér. Férh., vol. 41 (1919) p. 19. 

1% A. Gavelin: Till frigan om de kristallina seveskifrernas ursprung och metamorfos, Geol. Fér. Férh., 
vol. 41 (1919) p. 313. 

8H. F. Backlund: Das Alter des ‘“‘Metamorphen Komplezes” von Franz Josef Fjord in Ost- 
Grénland, Meddelelser om Grénland, Bd. 87, no. 4 (1932). See esp., p. 86. 

10 C. E. Wegmann: Report on the Caledonian orogeny in Christian X’s Land, Meddelelser om 
Grénland, Bd. 103, no. 3 (1935) p. 22-59. 
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PLaTE 2 


METAMORPHIC ROCKS 
Figure 1—BuacK PHYLLITE. 

Two-thirds of a mile southeast of Chestnut Ridge settlement (Clove 
quadrangle). Analysis No. 5, Table 13. 15 x 20 millimeters. Ground- 
mass: A multitude of small sub-parallel scales of muscovite in a fine- 
grained matrix of quartz and plagioclase. Plagioclase shows 6 = 1.555, 
corresponding to 45 An. Accessories are apatite (relatively large hex- 
agonal prisms, o = 1.631), titanite, pyrite, and magnetite. Much carbon 
is also present. Microcrystalloblasts of biotite are plentiful. Like herpetic 
patches (less than a millimeter in diameter) they spread in all directions 
through the groundmass, without assuming any regular shape (analysis 
No. 1, Table 3). Recalculation of the rock analysis shows that the 
average biotite cannot be as rich in iron as are the crystalloblasts. Evi- 
dence seems definite that crystalloblastic biotite of this rock is highly fer- 
riferous, whereas the tiny scales of finely divided biotite in the ground- 
mass are much poorer in iron. 


Figure 2—GARNETIFEROUS SCHIST. 

Two-thirds of a mile northwest of Dover Furnace. Analysis No. 7, 
Table 13. 15x20 millimeters. Groundmass: Quartz and plagioclase 
traversed by bands rich in muscovite. Index £ of plagioclase is between 
@ and € in quartz, corresponding to oligoclase. Apatite and magnetite 
are present. Biotite fills the interstices between the muscovite scales. 
Crystalloblasts of biotite, garnet, and staurolite attain a length of 5 
millimeters. 


Figure 3—SHEAR ZONE IN FELDSPATHIC SCHIST 

1% miles west-northwest of Pawling. Analysis No. 10, Table 15. 15x 20 
millimeters. Injected schist, showing excellent development of biotite- 
garnet-studded shear planes across limbs of intricate folds that probably 
indicate original stratification. Bedding faintly visible on clean rock 
surface, which microscope reveals is due to layers, a few tenths of a 
millimeter thick, rich in quartz, alternating with layers mainly composed 
of plagioclase (88 An) with subordinate amounts of biotite and ore. 
Shear zones, varying in thickness from 0.1 millimeter to 2 millimeters, 
are studded with large crystals of biotite (2 to 3 millimeters long) and 
garnet. Some cyanite forms small needles squeezed into interstices 
between other crystals. All flakes of biotite are not parallel to planes 
of shear, but form an angle with them. Some large individuals are 
turned at right angles, as if blocking the passage. Measurements with 
the Fedorov stage indicate that approximately fifty per cent of the meas- 
ured crystals go to form a rather sharp maximum, with their poles coin- 
ciding with the pole of the shear plane; poles of the remaining fifty per 
cent are distributed at random. Most of the garnet exhibits inclusions, 
arranged regularly in rows parallel to the shear planes, showing that the 
garnet has not rotated during porphyroblastic growth. Many pleochroic 
haloes were observed in the biotite. The core consists of a little speck of 
a transparent, birefringent mineral; pleochroic area consists of an inner, 
black halo, with diameter of 0.05 millimeter; concentrically about it, 
a paler corona, making the diameter of the whole compound halo, 0.075 
millimeter. These dimensions agree with the hypothesis that the pleo- 
chroism is caused by Radium E and Radium C radiating from the central 
core; the theoretical radii in muscovite being 0.023 millimeter and 0.0337 
millimeter, respectively. 
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METAMORPHIC ROCKS 
Figure 1—GaARNETIFEROUS PHYLLITE 

Chestnut Ridge, 1%2 miles west of Harlem Valley. Analysis No. 6, 
Table 13. 15x15 millimeters. Groundmass: Essentially of quartz and 
muscovite, but biotite, apatite, and magnetite are present, as is also an 
“amorphous” ferruginous pleochroic substance, which is probably re- 
sponsible for the high content of H.O in the rock. Crystalloblasts: Gar- 
net, 1 to 2 millimeters long, with inclusions arranged in rows marking an 
S-plane, which is now approximately normal to the schistosity plane of 
the rock. Note the subsequently intruded ore mineral (ilmenite and/or 
magnetite). 


Figure 2.—SHEAR ZONE IN QUARTZITE. 

A third of a mile east of Little Pond. Analysis No. 11, Table 15. 15x 15 
millimeters. Impure quartzite, composed largely of fine-grained quartz 
and small flakes of muscovite, and intersected by biotite-garnet-studded 
shear zones, which carry porphyroblasts of biotite, garnet, and staurolite 
(orientation of biotite flakes much the same as in rock No. 10) with smail 
needle-like crystals of cyanite in between. Pleochroism of the biotite is 
uncommonly weak. Index of refraction is about 8 = 1.62, but some of 
the crystals show lower figures. As computed from chemical analysis 
of the shear zone, the iron content of this biotite is uncommonly low. 


Figure 3.—PorPHYROBLASTIC BIOTITE SCHIST. 


East of Clove. 15x15 millimeters. Groundmass: Sericite, quartz, and 
plagioclase. Porphyroblasts of biotite and some garnet. Inclusions in the 
biotite crystals indicate a well-developed S-plane at 40 degree angle to 
the plane of the rock schistosity. 


Figure 4.—QUARTZ-OLIGOCLASE-BIOTITE GNEISS. 
5 miles east of Pawling. Analysis No. 12, Table 17. 15x15 millimeters. 
Rock, with small amounts of garnet, magnetite, apatite, and zircon, much 
more equigranular than the schists, although a rather coarse mosaic of 
quartz and plagioclase (25 An) forms a kind of groundmass. Flakes of 
biotite and muscovite are in sub-parallel orientation. 


Figure 5—MIca SCHIST LENS IN DOLOMITE. 


Tenmile River, northeast of Webatuck. Analysis No. 8, Table 13. 15x 15 
millimeters. More calcareous than is the pure series of pelitic schists. 
Sampled just on the border between the schists and the sillimanitic 
gneisses. Groundmass: Polygonal crystals of plagioclase (a millimeter 
in diameter) between which xenomorphic quartz has crystallized. Plagio- 
clase shows a maximum extinction in the zone [010] of 20°, corresponding 
to 38 An. Muscovite is virtually absent. A little apatite and magnetite 
are present. Crystalloblasts are biotite and garnet. Certain thin sections 
of this rock exhibit a peculiar, faint structure which seems to be indica- 
tive of sedimentary origin. This structure can be seen only where the 
groundmass of the rock is “clean” and uncontaminated by any colored 
constituents. In such places, tiny “dust” particles arrange themselves so 
as to outline the individual plagioclase grains. They are found between 
the plagioclase crystals, never inside. With high magnification, the indi- 
vidual “dust” particles can be discerned; they look much like sillimanite 
needles. Maximum thickness is 0.003 millimeter, length 0.02 millimeter, 
but most of the needles are much smaller. Although measurement of 
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such tiny crystals is difficult, it was found that the average index of 
refraction of the needles was above 1.70. It is concluded that the “dust” 
is composed of cyanite crystals derived from the clayey substances of the 
original sediment. With increasing metamorphism, as the several chem- 
ical constituents built up new crystals, an excess of alumina (inherited 
from the argillaceous sediment) seems to have been pushed away in front 
of the growing crystalloblasts, eventually forming a thin film around 
each crystalloblast. At still higher temperature, the film crystallized. 
Total amount of cyanite thus formed is difficult to estimate, but is believed 
to be of the order of 0.1 per cent of the total rock. 


Figure 6—CHLorITOID SCHIST. 
East of Crouses Store. Analysis No. 19, Table 19. 15x15 millimeters. 
Groundmass consists of quartz, sericite, and albite, with conspicuous por- 
phyroblasts of chloritoid and garnet. 


PuaTe 4 
METAMORPHIC ROCKS 
Figure 1—GaARNETIFEROUS VARIETY OF CHLORITE SCHIST. 

East of Clove. Analysis No. 18, Table 19. 15x20 millimeters. Large, 
irregular porphyroblasts of garnet; with streaks of chlorite and quartz 
curving around; many, with an area of pure, well-crystallized quartz in 
the wake of the garnet. Small amount of biotite whose index is 8 = 1.64 
to 1.65, and zircon in well-terminated grains are present. 


Figure 2—GLAUCOPHANE-BEARING VARIETY OF CHLORITE SCHIST. 
Chlorite shows better face determinations than in figure 1; looks almost 
like hornblende. Porphyroblasts of biotite have begun. A small amount 
of glaucophane is present. 


Figure 3—AUGEN SCHIST. 

1% miles south-southwest of Dover Plains. Analysis No. 9, Table 14. 
15x20 millimeters. Porphyroblasts: Small, rounded grains of oligoclase 
(attaining 2 millimeters across) and garnet (attaining one millimeter 
across) around which mica of the groundmass lies in smooth curves. Sug- 
gested crystalline outline is usually perceived in the grains of garnet, 
but the feldspar augen exhibit no trace of face termination, many being 
as round as drops. Porphyroblasts are not clean but, particularly feldspar 
augen, contain many small inclusions, especially of muscovite and quartz, 
showing that the feldspar cannot have been a clastic constituent of the 
original slate but has grown in situ during the metamorphism. The 
composition of the oligoclase is 23 An (2V negative, close to 90°, extinc- 
tion angle | a = 3°, y = 1.545 + 0.002; a = 1.540 + 0.002). The com- 
position of the garnet seems to correspond to the analysis given in Table 6, 
n = 1805 + 0.005. Groundmass: Essentially, muscovite and quartz; 
magnetite, relatively abundant; some chlorite. It has the properties of 
a prochlorite with pleochroism in green colors. 


Figure 4.—DENSE, GRAY CALCAREOUS PHYLLITE. 
1% miles southeast of Crouses Store. Analyses Nos. 15 and 16, Table 
18. 15x15 millimeters. Groundmass: Small, polygonal crystals of quartz 
and anorthitic plagioclase (An 90) with streaks of magnetite and titanite, 
with scattered poikilitic porphyroblasts of hornblende. 
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CLARK AND VOKES—MARINE EOCENE SEQUENCE 


INTRODUCTION 


Since 1925, much detailed work has been done on the stratigraphy and 
faunas of the marine Eocene of the west coast of North America. This 
work is still in progress, and, undoubtedly, the conclusions presented in 
this paper will be modified. However, it would seem worth while to give 
a summary of present knowledge of the sequence of the West Coast, 
in order to state the problems at hand and to give the stratigrapher a 
better basis for recognizing the important divisions. 

The correlations here given are based principally upon the molluscan 
faunas. A considerable amount of work is now being done upon the 
foraminifera; undoubtedly, this will prove to be important and will serve 
as a check on the conclusions based upon the other fossil groups. 

A large proportion of the molluscan species in the marine Eocene 
deposits of western North America are indigenous. Many of the same 
genetic stocks are found extending from the lower Eocene into the Oli- 
gocene, and, in some cases, they have lived to the Recent. These are 
the evolutionary species. The relative degree of abruptness in change, 
between the ancestral species and their descendant forms, depends largely 
upon the completeness of the sedimentary record. 

It is the writers’ point of view that the most accurate and dependable 
correlations are those based upon the identity of subspecies, especially 
those of the types which possess a highly ornamented shell. Experience 
has shown that this kind of species is the most valuable in delimiting 
zones and establishing local correlations. One cannot expect to find iden- 
tical subspecies common to two widely separated areas. Nevertheless, 
species are often found in widely separated regions, which are so similar 
in their development as to have almost certainly come from the same 
ancestral stock and to represent a similar stage of evolutionary develop- 
ment from this ancestral form. These are here referred to as “analogous 
species.” This kind of species is particularly valuable if it represents 
a highly ornamented type, for even the minor adaptive and evolutionary 
changes in such forms are generally reflected in changes in the pattern 
of the shell ornamentation. When there is a marked similarity between 
species of this type, in widely separated areas, the assumption is that 
they diverged from the same ancestral stock at a not far-distant time, 
and are, therefore, approximately contemporaneous in their development. 
Some species that are not of the highly ornamented type do not reflect 
the evolutionary changes in their shell and, therefore, may appear to be 
analogous, when, in reality, they are widely separated in time. 

As will be pointed out, there are few Eocene species that have been 
recognized as common to the European and California Eocene faunas, 
or to any other major faunal province. Such correlations as are here 
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proposed are based on these identical species, and on the analogous 
species of the highly ornamented type. 

There is still much to be done on the stratigraphy and the fauna of 
the marine Eocene sequence of the Pacific Coast, before all the divisions 
are satisfactorily defined. The correlations here proposed, with the Eo- 
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1, Paleontology of California, Vol. 2, ; 1869. 

2. U.S. Geological Survey Bulletins 18, & 51; 1885 1889. 

3. U.S. Geological Survey Annual Report , pt. pp. 1005 1062 

4. Jour. Geology, Vol. 5, 767, 775; 1897. 

5, Univ. Bull. of Ge ol. Vol. no. 6 ; 1914. — Vol.9, no. 17; 

6 Bull. Geo ‘Am., 9 , PP. 281 - 296; 1518 Jour. Geol., Vol.29, pp. 125 ; 1921 
7. Univ. Colt. Publ., Buill., Dept: of Geol. Sci., Vol. 16, no. 5; 1926. 


Figure 1—Development of present concept of marine Eocene sequence in Pacific 
Coast States 


cene sequence in the southern part of the United States and with Europe, 
are as yet, in part, tentative. 

There are three stages in the West Coast Eocene for which it is believed 
that there is fairly good faunal evidence given for the general correla- 
tions; these are (1) Martinez, (2) Capay, and (3) Domengine. The 
evidence for the correlation of these stages is based on the presence of 
identical, or of analogous, species common to these stages and to the 
deposits of other general provinces. The basis for the correlation of the 
other stages is their stratigraphic position in relation to these established 
zones and the relative changes in their faunas as compared to those of 
the southern part of the United States and of Europe. In this connec- 
tion, it is important to note that the faunas of the other West Coast 
stages show close evolutionary relationship to those of the three stages 
whose general correlation seems fairly well substantiated. 
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The history of the development of the present concept of the marine 
Eocene sequence of the Pacific Coast States is indicated in Figure 1. 


STAGES OF DEPOSITION 
MARTINEZ STAGE (“PALEOCENE”) 


Description—The oldest deposits referable to the Eocene on the 
Pacific Coast belong to the Martinez stage. This series of deposits has 
a limited distribution as compared to those of the middle Eocene. The 
best-known sections are found in the San Francisco Bay,? the Mount 
Diablo,’ and the Simi Valley areas. The fauna of the San Francisco Bay 
and the Mount Diablo areas were discussed in the monograph by R. E. 
Dickerson.* R. N. Nelson’s detailed study of stratigraphy and fauna 
of the Martinez formation, as found on the south side of the Simi Valley, 
Ventura County, represents the most recent report on a fauna from this 
stage.® 

The described Martinez fauna includes 168 species, some of which are 
so poorly preserved as to make generic, as well as specific, determina- 
tions questionable. This fauna shows little relationship to that of the 
upper Cretaceous. However, it should be noted that the latter fauna 
has not been discussed in a monograph. This is also true, to a lesser 
extent, of the Martinez fauna, and it is probable, when these faunas are 
better known, that specific and generic relationships will be observed. 

A number of distinctive genera make their first appearance in the 
Martinez fauna. Among these may be noted: Brachyspingus, Crypto- 
chorda (Lyrianella), Heteroterma, Pseudoperissolar, Priscoficus, Reti- 
pirula and Surculites. The Megacardita (Venericor) group = (the Ve- 
nericardia planicosta group) makes its first appearance on the West Coast 
in the Martinez fauna. With it, is the cephalopod genus Hercoglossa, 
(H. merriami Dickerson), which is found in the Paleocene in many parts 
of the world. This genus is also found in the Danian of Europe, which 
may be incorrectly placed as the uppermost Cretaceous of Europe and 
Asia, for the latest paleontological work appears to suggest that the 
Danian belongs to the Paleocene.® 


1J. D. Whitney in W. M. Gabb: Paleontology of California, vol. 2 (1869) p. 13 of preface. 

2T. W. Stanton: The faunal relations of the Eocene and upper Cretaceous on the Pacific coast, 
U. S. Geol. Surv., 17th Ann. Rept. (1896) p. 1011-1060. 

J. C. Merriam: The geological relations of the Martinez group at the typical locality, Jour. Geol., 

vol. 5 (1897) p. 767-775. 

3R. E. Dickerson: The stratigraphic and faunal relations of the Martinez formation to the Chico 
and Tejon north of Mount Diablo, Univ. Calif. Publ., Bull., Dept. Geol., vol. 6 (1911) p. 174-176. 

#R. E. Dickerson: Fauna of the Martinez Eocene of California, Univ. Calif. Publ., Bull., Dept. 
Geol., vol. 8, no. 6 (1914) p. 61-180. 

5R. N. Nelson: A contribution to the paleontology of the Martinez Eocene of California, Univ. 
Calif. Publ., Bull., Dept. Geol. Sci., vol. 15, no. 11 (1925) p. 397-466. 

6A. K. Miller: The “Paleocene” tiloid cephalopods of Land Portuguese West Africa, Jour. 
Paleont., vol. 9, no. 2 (March, 1935) p. 167-173. 
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Dickerson divided the fauna of the Martinez into three zones, but 
Nelson, in his study of the fauna of the Martinez of the Simi Valley, 
recognized only such changes in the fauna as one might expect in going 
from one lithologic facies to another and could not distinguish Dicker- 
son’s faunal zones. 


Correlation.—Dickerson concluded, from his study, that the Martinez 
fauna represented a stage in the Eocene of the United States, which is, 
at least in part, decidedly lower than the Midway; this was based upon 
negative evidence, such as the absence, in the Midway, of certain gastro- 
pod genera that are present in the Martinez fauna and range down into 
the Cretaceous. This is an extremely unsafe criterion, particularly as 
the generic assemblage found among the West Coast Eocene deposits is 
markedly different, in many ways, from that of the Gulf Coast Eocene. 
No species are known to be common to the Martinez and the Midway 
formations, but the presence of the genus Hercoglossa might be taken to 
indicate a close relationship between the two. 

Several years ago, a collection from Soldado Rock, off the coast of the 
island of Trinidad, was sent to the senior author from the geology depart- 
ment of the Standard Oil Company of California, for determination. 
He reported it as being Paleocene in age, and equivalent to the Martinez 
formation of California. This correlation was based upon certain species 
in the Trinidad collections, which were similar to well-known Martinez 
species. After making this determination, it was discovered that a fauna 
from the same locality at Soldado Rock had been described by C. J. 
Maury and correlated with the Midway stage.” 

Notable among the species that suggest the correlation of the Soldado 
formation and the Martinez formation are Turritella humerosa elecitoides 
Maury, which resembles 7’. reversa Waring, and Mesalia pumila alleu- 
tonensis Aldrich, waich resembles M. martinezensis macreadyi Waring. 
These forms are so similar as to permit the suggestion that they are 
conspecific. Such similarity is evidence that there was a connection be- 
tween the Caribbean Sea and the Pacific Ocean during at least a part 
of Paleocene time. This conclusion disagrees with that of Vaughan,’ 
who states that there is no evidence of such a marine connection at that 


time. 


70, J. Maury: Paleontology of Trinidad, Philadelphia Acad. Nat. Sci., Jour., ser. 2, vol. 15 (1912) 
p. 23-112, pls. 5-13; see also: A new formational name [Soldado formation, Trinidad region], 
Science, n. s., vol. 61, no. 1567 (January, 1925) p. 43; The Soldado rock section, Science, n. 8., 
vol. 82, no. 2122 (August, 1935) p. 192. 

8T. W. Vaughan: Geologic history of Central America and the West Indies during Cenozoic time, 
Geol. Soc. Am., Bull., vol. 29 (1918) p. 615-630—especially p. 630. 
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Ficure 2—Tentative correlation of Eocene marine formations 
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Aside from broad generic re- 
semblances in the marine fauna 
of Europe, very little has as 
yet been recognized to suggest 
a correlation with the Martinez 
of California. The presence of 
the genus Hercoglossa is, how- 
ever, significant in aiding gen- 
eral correlations. 


MEGANOS STAGE 


Description—In 1918, the 
senior writer announced the 
recognition of the Meganos 
group,® as representing a dis- 
tinct period of deposition in the 
California Eocene sequence. In 
1921, he described the type sec- 
tion of the formation, dividing 
it into five major lithologic 
members, designating them, be- 
ginning at the base, Divisions 
A, B, C, D, and E.° The 
molluscan fauna of this series, 
as listed by Clark and Wood- 
ford, comes from Division D. 
It is important that this be 
kept in mind, for it is possible 
that the upper member, or Di- 
vision E, should be referred to 
the Capay stage. Thus, in 
discussing the fauna of the 


®B. L. Clark: Meganos group, a newly 
recognized division of the Eocene in Cali- 
fornia, Geol. Soc. Am., Bull., vol. 29 (1918) 
p. 244. 

20B. L. Clark: The stratigraphic and 
faunal relationships of the Meganos group, 
middle Eocene of California, Jour. Geol., 
vol. 29 (1921) p. 126-165. 

1B. L. Clark and A. O. Woodford: The 
geology and paleontology of the type sec- 
tion of the Meganos formation (lower 
middle Eocene) of California, Univ. Calif. 
Publ., Bull. Dept. Geol. Sci., vol. 17, no. 2 
(1927) p. 63-142. 
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Meganos stage, the present writers include only the species from Divi- 
sion D, or lower. The work of F. B. Tolman and of S. A. Berthiaume, 
on the foraminifera from Division E, suggests the possibility that these 
beds should be referred to the Capay stage. 

Clark (1921) and, later, Clark and Woodford correlated the fauna 
from Division D with that of the Siphonalia sutterensis zone of Dick- 
erson.’* The fauna of this zone is now referred to the Capay. The 
correlation was based upon the supposed identity of certain gastropod 
species, which were determined as being common to Division D, and the 
Siphonalia sutterensis zone as developed at Marysville Buttes. Among 
these were such species as J'wrritella merriami Dickerson, Galeodea sut- 
terensis Dickerson, “Chrysodomus?” martini (Dickerson), Gemmula 
wattsi Anderson and Hanna, and “Turricula” cooperi (Dickerson). The 
first to question this correlation was C. W. Merriam, who, as a graduate 
student at the University of California, wrote the monograph on the 
Turritellas of Western North America. He came to the conclusion that 
the forms from the Meganos formation, determined as being 7’. merriami 
Dickerson, are not identical with the typical species but should be con- 
sidered as representing a new subspecies, which, he believed, occurred in 
beds older than those from which the species was described. 

From 1930 to 1934, F. E. Turner, as a graduate student at the Uni- 
versity of California, made a monographic study of a portion of the 
marine Eocene deposits and their faunas in western Oregon. This work 
included a study of the fauna of the Umpqua formation in the Roseburg 
quadrangle, which had been originally described by Diller.’* Dickerson,'* 
in 1914, correlated the faunas of the Umpqua formation, as found at two 
localities, with that of his Siphonalia sutterensis zone in California, which 
he considered to represent the uppermost Eocene on the Pacific Coast. 
Turner’s study indicated that two faunal zones are to be recognized in 
the Umpqua formation: the lower is to be correlated with the Siphonalia 
sutterensis zone; the upper is stratigraphically higher than any faunas 
in the Marysville Buttes region, from which Dickerson had described 
the faunal zone. 

Turner came to the same conclusion as did Merriam—i.e., that the 
Siphonalia sutterensis fauna is younger than that of Division D of the 


122R. E. Dickerson: Fawna of the Eocene at Marysville Buttes, California, Univ. Calif. Publ., 
Bull., Dept. Geol., vol. 7, no. 12 (1913) p. 257-298. 

18 J, S. Diller: Description of the Roseburg quadrangle [Oregon], U. S. Geol. Surv., Geol. Atlas, 
Roseburg folio, no. 49 (1898) 4 pages, maps. 

144R. E. Dickerson: The fauna of the Siphonalia sutterensis zone in the Roseburg quadrangle, 
Oregon, Calif. Acad. Sci., Pr., ser. 4, vol. 4 (1914) p. 113-128. 
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Meganos formation. He noted that the “Galeodea sutterensis” and the 
“Turricula cooperi,” listed and figured by Clark and Woodford from the 
Meganos, were not typical and should be considered as representing 
distinct subspecies. 

Recent studies have resulted in the recognition of at least two sections 
in which the Meganos molluscan fauna is found below the Siphonalia 
sutterensis fauna. The first of these is in the Eocene of Round Valley, 
in the northern Coast Ranges of California, near the headwaters of the 
Eel River, about thirty miles north of Clear Lake. Here, the work of 
F. E. Turner, C. W. Merriam, and Samuel Clark indicates the presence 
of a fauna containing such typical Meganos species as Brachyspingus 
mammilatus Clark and Woodford, Turritella meganosensis Clark and 
Woodford, and Turritella merriami n. subsp. Merriam MS., overlain by 
strata containing a typical Siphonalia sutterensis zone fauna, including 
Turritella merriami s.s. 

The fauna of the Meganos stage is incompletely known at the present 
time, there being only approximately 70 species described. However, 
the collections at hand in the University of California contain many new 
forms. The relationship of this fauna to that of the overlying Capay 
stage is rather close, as indicated by the fact that a considerable number 
of species in the latter fauna are evolved from Meganos forms. Most, 
if not all, of the species listed by Clark and Woodford as being common 
to the type Meganos and the Siphonalia sutterensis zone have later proven 
to be distinct subspecies. The faunas are closely related, but belong to 
distinct time zones. 


Correlation—As yet there is very little on which to base a correlation 
between the Meganos fauna and those of the southern United States and 
of Europe. On the table (Fig. 3) it is indicated as being the equivalent 
of the Sparnacian stage of Europe. This is because of its stratigraphic 
position between the Martinez stage (Montian) and the Capay stage, 
correlated by the writers with the Ypresian of Europe. The Sparnacian 
is a non-marine stage in the Paris Basin sequence. There is also the 
possibility that it was a time of deposition not represented in the Euro- 
pean section. 

CAPAY STAGE 


Description—In the discussion of the Meganos stage, reference has 
been made to the recognition of a distinct major faunal zone, the Capay 
stage. The strata referable to this stage had been incorrectly correlated 
by the senior writer with those containing the fauna of Division D of 
the “Meganos Group.” 
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Dickerson*® early recognized the distinctness of the fauna at 
Marysville Buttes and Oroville. This he designated as the Siphonalia 
sutterensis faunal zone, but he erred in considering that it repre- 
sented the uppermost Eocene of the California section, and, in later 
papers,!® he failed to note that strata, as in the vicinity of Coalinga, 
which contained the same general faunas as at Marysville and Oro- 
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Ficure 3.—Correlation table of West Coast Eocene deposits 


ville, underlay other Eocene strata containing faunas which he cor- 
related with the Tejon group. The senior author was the first to note 
that the Siphonalia sutterensis fauna was not correctly placed as the 
uppermost Eocene in California, and referred it to his newly recognized 
Meganos group. 

During the 1934 meetings of the Cordilleran Section of the Geological 
Society of America, T. H. Crook and J. M. Kirby *" described the Capay 
formation, with the type locality in the Capay Valley, near Winters, in 
the southwestern portion of the Sacramento Valley, California. At the 
same time, during the sessions of the Paleontological Society, a symposium 


15R, E. Dickerson: Note on the faunal zones of the Tejon group [California], Univ. Calif. Publ., 
Bull., Dept. Geol., vol. 8, no. 2 (1914) p. 17-26; Fauna of the Eocene at Marysville Buttes, Cali- 
fornia, Univ. Calif. Publ., Bull., Dept. Geol., vol. 7, no. 12 (1913) p. 257-298. 

1%6R. E. Dickerson: Stratigraphy and fauna of the Tejon Eocene of California, Univ. Calif. Publ., 
Bull., Dept. Geol., vol. 9, no. 17 (1916) p. 361-524. 

17T, H. Crook and J. M. Kirby: Capay formation, [Abstract] Geol. Soc. Am., Pr. for 1934 (1935) 
p. 334-335. 
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on the West Coast Eocene ** resulted in a series of papers by F. E. 
Turner, C. W. Merriam, T. F. Stipp and F. B. Tolman, S. A. Berthiaume, 
and the present writers. In these papers, the faunas of several localities 
in California and Oregon were shown to be intermediate between those 
of the Domengine and those of the Meganos formations, and were corre- 
lated with the fauna of the Capay formation (Fig. 2). 

A study recently completed by the junior author has indicated that 
the deposits in the Coalinga area, which he correlates with the Capay 
formation, contain two distinct faunal zones. The lower of these is 
similar to the fauna at the Marysville Buttes, which was referred by 
Dickerson to the Siphonalia sutterensis zone. Siphonalia sutterensis does 
not occur in the fauna at Coalinga, which is characterized by Galeodea 
sutterensis Dickerson. Both these species also occur in the fauna at the 
type locality of the Capay formation. The upper faunal zone is char- 
acterized by Galeodea susanae Schenck and has a fauna that is closely 
related to that of the Domengine formation, the type locality of which 
unconformably overlies the Capay strata as developed at Coalinga. How- 
ever, the fauna of this upper zone is incompletely known at the present 
time, and further study may reveal greater faunal difference. The upper 
strata at the type locality do not contain a molluscan fauna, and the 
foraminiferal faunas have not been studied, so that the upper faunal 
zone at Coalinga, and its correlatives in the Llajas formation of the 
Simi Valley and the Umpqua formation as developed at Glide, Oregon, 
may be correlated with the Capay formation on the basis of stratigraphic 
position only. 

The molluscan fauna reported from the various localities that are 
considered to be of Capay age includes 212 species. 


Correlation —A significant feature in the Capay fauna is the presence 
of several species that show affinities with species in the fauna of the 
Ypresian stage of the Paris Basin Eocene. The only species that appears 
to be common to the two is Velates perversus (Gmelin) 1°; but a number 
of others are so similar as to leave little doubt that they were derived 


18F. E. Turner: Tentative correlation of the marine Eocene of western Oregon, [Abstract] Geol. 
Soc. Am., Pr. for 1934 (1935) p. 391-392. 
C. W. Merriam: Middle Eocene faunas of northern California, [Abstract] Geol. Soc. Am., Pr. 
for 1934 (1935) p. 392. 
S. A. Berthiaume: Middle Eocene Foraminifera in western Oregon, [Abstract] Geol. Soc. Am., 
Pr. for 1934 (1935) p. 393. 
T. F. Stipp and F. B. Tolman: Eocene geology and stratigraphy of the north side of Simi 
Valley, [Abstract] Geol. Soc. Am., Pr. for 1934 (1935) p. 393-394. 
B. L. Clark: Santa Susana and lower Llajas fauna of Ventura County, [Abstract] Geol. Soc. 
Am., Pr. for 1934 (1935) p. 394. 
H. E. Vokes: Stratigraphic position of the Turritella andersoni zone north of Coalinga, [Abstract] 
Geol. Soc. Am., Pr. for 1934 (1935) p. 393. 
19H. E. Vokes: The genus Velates in the Eocene of California, Univ. Calif. Publ., Bull. Dept. 
Geol. Sci., vol. 23, no. 12 (1985) p. 381-390. 
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from the same specific stock. Notable among the species that are char- 
acteristic of the Capay fauna and that resemble species characteristic 
of the Ypresian (Cuisian) are: 


Capay SPECIES Ypresian Species 
Clavilithes tabulata (Dickerson) Clavilithes parisiensis 
“var. subscalaris Grabau” 
Turritella andersoni Dickerson Turritella edita Solander 
Gisortia n. sp. Gisortia tuberculosa (Ducios) 
“Turricula” crenatospira (Cooper) “Surcula” polycesta (Bayan) 


A number of other species, which are not restricted to the Capay stage 
in California, show relationships to species that are also not so restricted 
in the Paris Basin sequence. These will be discussed with the species 
present in the fauna of the Domengine stage that show relationships to 
Parisian forms. 

Foraminiferal samples from the lower faunal zone of the Capay stage, 
as developed north of Coalinga, California, were submitted to Esther 
Applin, consulting geologist, of Fort Worth, Texas, in an effort to obtain 
some suggestion as to the correlation of these strata with the Eocene 
deposits of the Gulf Coast sequence. She noted a number of species in 
common between the two areas, several of which were short ranged, and 
considered to be diagnostic species in the Texas region. In a letter, dated 
February 16, 1934, she reported that a definite correlation with the Lower 
Claiborne was indicated and that it probably was equivalent to the Cooks 
Mountain formation.”® H. G. Schenck has also suggested a Claiborne 
age for these strata.”* 

DOMENGINE STAGE 

Description—The Domengine formation was first recognized as a unit 
older than the Tejon formation by the senior author in 1926.2? A dis- 
cussion of the molluscan fauna of this formation at the type locality and 
adjacent areas has been published by the junior author, a total of 182 
species being recorded. This, together with other species described from 
scattered localities by Gabb, Dickerson, and other early workers, brings 
the total described molluscan fauna of this stage up to approximately 225 
species, making it the best-known fauna of the California Eocene se- 
quence. The most characteristic species of this fauna, in its development 
at all localities, appears to be Galeodea tuberculiformis Hanna. The 
localities at which the Domengine fauna is known to be present are indi- 
cated in the correlation table (Fig. 2). 


2. R. Applin: Correlation of the California Turritella andersoni zone with Gulf Coast Eocene, 
[Abstract] Geol. Soc. Am., Pr. for 1934 (1985) p. 392. 

1H. G. Schenck: Discocyclina in California, Geol. Soc. Am., Bull., vol. 40 (1929) p. 259. 

2B. L. Clark: The Domengine horizon, middle Eocene of California, Univ. Calif. Publ., Bull. 


Dept. Geol. Sci., vol. 16, no. 5 (1926) p. 99-118. 
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Correlation.—The fauna of the Domengine stage shows definite affini- 
ties with that of the Lutetian stage, Middle Eocene of the Paris Basin. 
Velates perversus (Gmelin) occurs in both regions. Among other species 
of restricted range in the Domengine and the Lutetian faunas, which 
appear to be closely related, are: 


DoMENGINE SPECIES LuTeTIAN SPECIES 
Harpa (Eocithara) mutica Harpa (Eocithara) mutica Lamarck 
Lamarck n. subsp. Vokes MS. 
Potamides carbonicola (Cooper) Potamides tristriatus (Lamarck) 
Turritella uvasana Conrad subsp. Turritella terebellata Lamarck 
Typhus antiquus Gabb Typhus tubifer (Bruguiére) 


There are a number of other species, of less restricted range in the two 
areas, that are very similar. Among these may be noted: 


CALIFORNIA SPECIES Parts Basin Species 
Cuneocorbula torreyensis (Hanna) Cuneocorbula biangulata (Deshayes) 
(Domengine, Transition) (Lutetian) 
Cryptochorda californica (Cooper) Cryptochorda stromboides (Herman) 
(Capay, Domengine) (Ypresian, Lutetian, and Auversian) 
Cryptoconus cooperi (Dickerson) Cryptoconus priscus (Solander) 
(Capay, Domengine) (Lutetian, Auversian, Bartonian) 
Eocypraea castacana (Stewart) Eocypraea inflata (Lamarck) 
(Domengine) (Lutetian, Auversian) 
Keilostoma n. sp. Vokes MS. Keilostoma minus Deshayes 
(Domengine) (Ypresian, Lutetian, Auversian) 
Lyria andersoni Waring Lyria maga (Edwards) 
(Domengine) (Bruxellian = Lutetian, of Belgium; 
Bartonian of England and France) 
“Muricopsis” whitneyi (Gabb) “Murex” calcitrapoides (Lamarck) 
and varieties (Domengine, Tejon). (Lutetian, Auversian). 


It appears to be significant that only one species, at present known 
only from the Domengine stage, closely resembles a Paris Basin form 
that is not present in the Lutetian stage. This is a new species of 
Clavilithes, which occurs in the uppermost portion of the Llajas forma- 
tion in the Simi Valley. It closely resembles Clavilithes scalaris Lamarck 
(figured by Cossmann and Pissarro, as C. longaevus Solander, a species 
of the English Bartonian formation). A communication, dated August 
12, 1935, from Arthur Wrigley, of London, England, states that C. scalaris 
“in the Paris Basin is a species of the ‘Sables moyens’, and these are 
wholly Auversian by the definition of that term, for the type locality 
of Auvers is at the very base of the ‘Sables moyens’.” 

Foraminiferal evidence also tends to confirm the suggestion that the 
Domengine is to be correlated with the Lutetian. Samples from the type 
region of the Domengine were submitted to Joseph A. Cushman, who 
reported, in a communication, dated February 8, 1934, that “the sample 
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. . . has in it a series of Miliolidae of which three species are fairly well 
preserved. These three belong to a group which is very abundant indeed 
in the Paris Basin in the Lutetian.” 

Correlation with the Gulf Coast section is not clear. Stratigraphic 
position suggests that the Domengine stage is to be placed somewhere in 
Middle or Upper Claiborne time, but the faunal evidence neither confirms 
nor denies this. 

TRANSITION STAGE 


Description—Recent studies in southern California, by F. B. Tolman, 
F. E. Dreyer, and others, have resulted in the recognition of a distinct 
faunal group, which includes elements that have heretofore been thought 
to be confined to the Domengine and lower faunas, associated with forms 
considered to be diagnostic of the Tejon stage. At the present time, 
U. S. Grant, IV, and F. B. Tolman are engaged in a detailed study of 
this fauna, and, until they have applied a formal name, the present 
writers will designate it as the transition stage. 

To this transition stage is referred the poorly preserved fauna of the 
strata overlying the Llajas formation on the northern side of the Simi 
Valley, in Ventura County, California. Clark ** had earlier referred to 
this fauna as the “Tejon (?).” It overlies a fauna referable to the 
Domengine stage in the upper portion of the Llajas formation. Tolman 
also refers the upper portion of the Rose Canyon shale member of the 
La Jolla formation of San Diego County, to this stage, and has reported 
the occurrence of these strata of Nekewisio (Gabb), a species previously 
unknown outside of the Tejon stage. Hanna,” in his study of the La 
Jolla fauna, did not note this Tejon element in the Rose Canyon shale 
member, but did report it from the Poway conglomerate, which overlies 
the La Jolla formation. 

F. E. Dreyer has reported the occurrence of a fauna containing 
Nekewisio (Gabb) and other Tejon types associated with Cernina (Eo- 
cernina) hannibali (Dickerson) and other Domengine species, in strata 
exposed along the Pine Mountain thrust, northeast of Ventura, Cali- 
fornia. The junior author recently made collections in this area, and 
noted that the transition fauna underlies a fauna containing typical 
Tejon types. However, throughout most of the area the deposits of the 
transition zone are in fault contact with other deposits, and the exact 
stratigraphic relationships are not readily apparent. One of the most 
characteristic species of the fauna is Rimella supraplicata Gabb (= R. 


28 Ibid. 
%M. A. Hanna: An Eocene invertebrate fauna from the La Jolla quadrangle, California, Univ. 
Calif. Publ., Bull. Dept. Geol. Sci., vol. 16, no. 8 (1927) p. 247-398. 
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simplex Gabb) ; Rimella canalifera Gabb, apparently its direct descend- 
ant, is characteristic of the Tejon stage. 

The fauna of the Tejon stage, as discussed in the monograph by 
Anderson and Hanna,” consists of 130 molluscan species; the Domengine 
fauna, at the type locality, consists of 182 species. The fact that only 
23 species are known to be common to the two horizons—mainly long- 
ranged non-diagnostic forms—indicates that the time interval between 
the two was of considerable duration. The generic composition of the 
two faunas is so essentially similar as to preclude any ecologic interpre- 
tation of the faunal differences. This time interval appears to have been 
one of non-deposition throughout most of the West Coast section, the 
transition deposits of southern California appearing to be the only beds 
that contain any intermediate faunal elements. 


Correlation.—The fauna of the transition stage is as yet insufficiently 
known to permit adequate correlation. Stratigraphic position suggests 
that it is probably to be correlated with the uppermost Lutetian or 
Auversian stages of the Paris Basin sequence. 


TEJON STAGE 
Description—Up to 1918, all of the Eocene deposits above the Mar- 
tinez stage were generally referred to the Tejon group; the assumption 
being that they all belonged to one general epoch of deposition. Thus, 
Gabb and Whitney *° believed that all these deposits (their Cretaceous 
B) belonged to the same time-zone as those near Fort Tejon, at the 
south end of the San Joaquin Valley, from which a fauna of about 20 
species had been described by T. A. Conrad *’ in 1855, and referred by 
him to the Eocene. As has already been pointed out, R. E. Dickerson ** 
recognized that the Tejon group, as then constituted, contained beds 
higher and lower than those at the type section, in the vicinity of Grape- 
vine Canyon. However, he preferred to follow the established usage and 
call the entire series the Tejon group. All those deposits that he con- 
sidered to be higher than the type Tejon have since been shown to be 
lower. 


2 F. M. Anderson and G. D. Hanna: Fauna and stratigraphic relations of the Tejon Eocene at 
the type locality in Kern County, California, Calif. Acad. Sci., Occ. Pap., no. 11 (1925) p. 1-249. 
2% W. M. Gabb: On the subdivisions of the Cretaceous rocks of California, Am. Jour. Sci., ser. 2, 
vol. 44 (1867) p. 226-229. 
J. D. Whitney in W. M. Gabb: Paleontology of California, vol. 2, Preface (1867). 

27T. A. Conrad: Descriptions of the fossil shells, Appendix to the preliminary geological report 
of W. P. Blake (1855) p. 5-20; Explorations and surveys for a railroad route from the Mississippi 
River to the Pacific Ocean, vol. 5 (1857) p. 317-328. 

28 R. E. Dickerson: Note on the faunal zones of the Tejon group [California], Univ. Calif. Publ., 
Bull., Dept. Geol., vol. 8, no. 2 (1914) p. 17-26; Fauna of the Eocene at Marysville Buttes, California, 
Univ. Calif. Publ., Bull., Dept. Geol., vol 7, no. 12 (1913) p. 257-298; Stratigraphy and fauna of 
the Tejon Eocene of California, Univ. Calif. Publ., Bull., Dept. Geol., vol. 9, no. 17 (1916) p. 361-524. 
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The senior author *’ in 1921 recognized two distinct sets of strata in 
the general area of the type locality of the Tejon, referring one to the 
Meganos and the other to the Tejon; the latter containing the deposits 
with the fauna described by Conrad. The lower beds, referred to the 
Meganos, are apparently equivalent to the middle Eocene deposits, and 
at Grapevine Canyon are only about 150 feet thick, owing to overlap 
by the Tejon formation (restricted). Traced westward, however, they 
thicken to about 3,000 feet, and are now known to contain strata refer- 
able to the Capay and the Domengine stages. In 1927,°° the Capay 
portion of these deposits was again referred to the Meganos, but, as 
they contain Turritella merriami s. s. and other undoubted Capay species, 
they are here referred to that stage. 

The fauna of the type Tejon was given monograph treatment by 
Anderson and Hanna“ in 1925, and its stratigraphic relations were 
discussed in some detail. 

Other faunas referable to the Tejon stage occur throughout the West 
Coast. In San Diego County, southern California, M. A. Hanna * re- 
ported a Tejon iauna from the basal Poway conglomerate, which rests 
unconformably upon the La Jolla formation. A foraminiferal fauna from 
this conglomerate has been reported by Cushman and Dusenbury, who 
have correlated it with that of the Tejon and of the “Upper Claiborne 
(Auversian).” ** In the Pine Mountain region, northeast of Ventura, 
California, beds containing a Tejon fauna are known to overlie strati- 
graphically the transition deposits. Their fauna has not been studied. 
Beds of undoubted Tejon age are also known to occur along the north 
and the south sides of the Santa Ynez Range,** but, as yet, these deposits 
have not been well differentiated from those of the Middle Eocene. 

On the west side of the San Joaquin Vailey, the Tejon stage is appar- 
ently represented by the lower portion of the Kreyenhagen shales, as 
originally defined.** The middle and upper beds are now considered 
to be of Oligocene age.** In places, it is possible that the lowermost 


2B. L. Clark: The stratigraphic and faunal relationships of the Meganos group, middle Eocene 
of California, Jour. Geol., vol. 29 (1921) p. 126-165. 

30B. L. Clark: The Domengine horizon, middle Eocene of California, Univ. Calif. Publ., Bull. 
Dept. Geol. Sci., vol. 16, no. 5 (1926) p. 99-118. 

81F, M. Anderson and G. D. Hanna: op. cit. 

%M. A. Hanna: op. cit. 

83 J. A. Cushman and A. N. Dusenbury: Eocene Foraminifera of the Poway conglomerate of 
California, Contr. Cushman Lab. Foram. Res., vol. 10, pt. 3 (1934) p. 51-65. 

*%W. P. Woodring: Upper Eocene orbitoid Foraminifera from the western Santa Ynez Range, 
California, and their stratigraphic significance, San Diego Soc. Nat. Hist., Tr., vol. 6, no. 4 
(1930) p. 145-170. 

%F, M. Anderson: A stratigraphic study in the Mount Diablo Range of California, Calif. Acad. 
Sci., Pr., ser. 3, vol. 2 (1905) p. 155-248. 

60, P. Jenkins: Stratigraphic significance of the Kreyenhagen shale of California, Mining in 
Calif., vol. 27, no. 2 (April, 1931) p. 141-186. 

E. R. Atwill: Oligocene Tumey formattion of California, Am. Assoc. Petr. Geol., Bull., vol. 19, 
no. 8 (1935) p. 1192-1204. 


q 2 
ee 
3 


866 CLARK AND VOKES—MARINE EOCENE SEQUENCE 


shales, which have been referred to the Kreyenhagen, are Domengine 
age.*?. The determination of the Tejon age of the lower shales of the 
Kreyenhagen (sensu lato) is based entirely upon the contained forami- 
niferal evidence. No diagnostic molluscan species occur in these lower 
strata. 

In the Mount Diablo area and along the western side of the Sacramento 
Valley, the Tejon stage is represented by the Markeley formation. The 
senior writer originally referred this formation to the Oligocene, consid- 
ering the underlying strata, now referred to the Domengine stage, to be 
of Tejon age.** Later work by T. L. Bailey resulted in the discovery 
of typical Tejon species in the Markeley formation in the Potrero Hills,** 
north of San Francisco Bay. Church later studied the foraminifera *° 
and G. D. Hanna the diatoms ** from the type locality of the formation 
and confirmed the Eocene age of the Markeley. 

The Markeley formation has a distinctive lithology and has been 
traced along the western side of the Sacramento Valley to the north of 
Cache Creek, north of the town of Winters. A fauna of approximately 
fifty well-preserved molluscan species has been obtained from these beds, 
just south of Winters. This fauna is being studied in detail by the senior 
writer. It contains several species that are diagnostic of the Tejon stage 
at the type locality. Included are such forms as: 


Corbula hornit (Gabb) Turritella buwaldana Dickerson n. subsp. 
Conus aegilops Andersor. and Hanna Merriam MS. 
Crepidula pileum (Gabb) Turritella uvasana Conrad (sensu stricto) 


Gyrineum kewi Dickerson 


Associated with these Tejon forms are a number of species that are 
equally as diagnostic of the Cowlitz formation of western Washington. 
These are: 


Glycymeris eocenica Weaver 

Megacardita (Venericor) horniit (Gabb) subsp. clarki 
(Weaver and Palmer) 

Ficopsis cowlitzensis Weaver 

Perse n. sp. Clark MS. 

Polinices hotsoni Weaver 


87C, C. Church: Foraminifera of the Kreyenhagen shale, Mining in Calif., vol. 27, no. 2 (April, 
1931) p. 203-213. (Though the title refers to the Kreyenhagen shale, the majority of the species 
figured are from the Markeley formation.) 

8B. L. Clark: The San Lorenjo series of middle California, Univ. Calif. Publ., Bull., Dept. Geol., 
vol. 11, no. 2 (1918) p. 45-234. 

%T. L. Bailey: The geology of the Potrero Hills and Vacaville region, Solano County, California, 
Univ. Calif. Publ., Bull. Dept. Geol. Sci., vol. 19, no. 15 (1980) p. 321-334. 

#C. C. Church: op. cit. 

#1G. D. Hanna: Diatoms and silicoflagellates of the Kreyenhagen shale, Mining in Calif., vol. 27, 
no. 2 (April, 1931) p. 187-201. 
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This association of characteristic Tejon and Cowlitz types appears to 
settle whatever doubt there may have been as to the correct correlation 
of the Cowlitz formation with the type Tejon. 

C. W. Merriam, in preparing the monograph on the Turritellas of 
western North America, noted that 7. wvasana Conrad sensu stricto is 
limited to the lower portion of the Tejon at the type locality and that 
T. uvasana subsp. sargeanti Anderson and Hanna.is characteristic of the 
upper portion of that series. The fact that the fauna of the Markeley 
formation contains what appear to be the typical forms of T. wvasana 
is taken as evidence that this fauna, which comes near the middle of 
the formation, is to be correlated with that of the lower Tejon. 

In the Pine Mountain area, the Coldwater sandstone, which, according 
to Tolman, contains a fauna of Cowlitz species, overlies several hundred 
feet of strata containing a Tejon fauna that includes typical 7. wvasana. 
The fact that the Cowlitz forms are associated with Tejon species in the 
Markeley formation, and overlie strata containing Tejon species in the 
Pine Mountain region, suggests that the Cowlitz fauna might be regarded 
merely as the result of a differing set of ecologic conditions than those 
which obtained at the region of the type locality of the Tejon formation 
during the time of its deposition. 

Since the above was written, B. F. Tolman informs the writers that he 
has found a fauna in the uppermost beds of the Tejon formation of the 
south end of the San Joaquin Valley. In his opinion, this fauna is the 
equivalent of the typical Cowlitz. Thus, he recognizes three faunal zones 
in the type section of the Tejon. It is very possible that the writers’ 
statement as to the position of the Markeley fauna will have to be 
revised. 


Correlation.—One is impressed in studying the fauna of the Tejon 
stage by the fact that there are not nearly as many species that may be 
referred to as analogous with European species as there are in the Capay 
or Domengine stages. The close relationship that existed between the 
marine faunas of Europe and those of the west coast of North America 
during Middle Eocene time, was apparently disappearing. There are a 
few species, however, in the Tejon stage that may be said to be fairly 
close, and, therefore, analogous, to certain upper Eocene forms of Europe; 
however, these all appear to have ancestral species in the middle Eocene 
faunas, some of which show a closer relationship to certain of the Euro- 
pean middle Eocene species than do their Tejon descendants. It is 
very possible that the similarity between the Tejon and the European 
species during the upper Eocene is due to the fact that they evolved 
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independently, from stalks that were closely related during the Middle 
Eocene. 

The Tejon deposits have generally been correlated with those of the 
Claiborne of the Gulf Coast.*? The Claiborne, in turn, has been con- 
sidered as the correlative of the Lutetian. Insofar as the writers are 
aware, there are no evidences of faunal evolution within the Lutetian, 
comparable to that observed between the Domengine and the Tejon 
stages. From this, it would seem improbable, if the fauna of the Domen- 
gine stage be correlative with that of the Lutetian, that the Tejon fauna, 
considering the great differences observed between it and the Domengine, 
should also be equivalent to a part of the Lutetian stage. The evidence 
would seem to point to a correlation of the Tejon with either the 
Auversian or the Bartonian stages of the European sequence. 


GAVIOTA STAGE 


Recent studies of the Tertiary section of the Santa Ynez Mountains, 
show that in that area there are strata, younger than the Tejon, which 
should probably be referred to the Eocene. These have usually been 
known as the Gaviota Pass beds; the name “Gaviota Formation” was 
applied to them by W. L. Effinger, at the meeting of the Cordilleran Sec- 
tion of the Geological Society of America at Stanford University, in 
April, 1935. These deposits, consisting mainly of coarse arkosic sand- 
stones, have a thickness of several thousand feet; they conformably 
overlie deposits containing a typical Tejon fauna. Effinger, a former 
graduate student at the University of California, who has made a study 
of the stratigraphy and fauna of these beds, considers the fauna of the 
lower portion of the formation to be of upper Eocene age. His conclu- 
sion is based upon the occurrence, in this lower fauna, of Megacardita 
(Venericor) hornii (Gabb) n. subsp., one of the California forms belong- 
ing to the “Venericardia planicosta” group, characteristic of the Eocene 
period throughout the world. He refers the molluscan fauna of the upper 
portion of the Gaviota formation to the Lower Oligocene. This latter 
fauna contains a number of species that are closely related to, if not 
identical with, those of the strata referred to the lower portion of the 
Lincoln formation, Oligocene, in Washington.** Among the species in 


42G. D. Harris: Correlation of Tejon deposits with Eocene stages of the Gulf slope, Science, vol. 22 
(1893) p. 97. 
R. E. Dickerson: Stratigraphy and fauna of the Tejon Eocene of California, Univ. Calif. Publ., 
Bull., Dept. Geol., vol. 9, no. 17 (1916) p. 361-524. 
T. A. Conrad: op. cit. 
48C. E. Weaver: A preliminary report on the Tertiary paleontology of western Washington, Wash. 
Geol. Surv., Bull., vol. 15 (1912) p. 15-16; Tertiary faunal horizons of western Washington, Univ. 
Wash. Publ., Geol., vol. 1, no. 1 (1916) p. 4-6. 
K. E. H. Van Winkle: Paleontology of the Oligocene of the Chehalis Valley, Washington, 
Univ. Wash. Publ., Geol., vol. 1, no. 2 (1918) p. 69-97. 
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this upper fauna that have been considered to indicate an Oligocene age 
are Turritella porterensis Weaver and “Strepsidura” lincolnensis Weaver, 
from the Lincoln formation, and “Siphonalia” merriami Wagner and 
Schilling, from the San Emigdio formation of California. Thus, Effinger 
is of the opinion that the line between the Eocene and the Oligocene 
should be drawn between the lower and the upper faunas of the Gaviota 
formation. 

In a paper read before the Cordilleran Section of the Geological Society 
of America in April 1935, H. G. Schenck gave a summary of his studies 
of the foraminiferal fauna of the Gaviota formation. On the basis of the 
foraminifera, he recognizes only one zone, the fauna of which he correlates 
with that of the Keasey and the Bassendorf shales of Oregon ** and the 
Gries Ranch beds of Washington.*® Several closely related and identical 
species form the basis for the correlation of the Gaviota formation and 
the Jackson formation of the Gulf Coast section. 

If Schenck’s correlations should prove to be correct, then the fauna 
from the lower Lincoln formation in Oregon and Washington is Eocene. 
The lower Lincoln, as here defined, includes the faunas of the Gries 
Ranch, Keasey, and Bassendorf shales. 

The molluscan fauna of the lower portion of the Gaviota formation 
is very different from that of the underlying Tejon. Woodring has 
recently pointed out that certain species are closely related,** but, on the 
whole, there is an abrupt change between the faunas. The fauna of the 
upper zone represents, for the most part, new elements that have not been 
recorded in any West Coast Eocene fauna. Most of the species are of 
large and heavy types; some appear to be related to Miocene forms. A 
considerable number of species are common to the lower and upper zones 
of the formation as recognized by Effinger. If the molluscan faunas of 
the two should later prove to represent one major faunal unit, then, on 
the basis of the mollusca, the writers’ opinion is that it should be corre- 
lated with that of the Gries Ranch zone. But whether this zone should 
be referred to the Eocene or to the Oligocene is an open question. How- 
ever, it should be kept in mind that Schenck’s correlation of these beds 
with the Jackson stage is based upon the identity of several species of 
foraminifera. No molluscan species have been recognized from the fauna 


#H. G. Schenck: Marine Oligocene of Oregon, Univ. Calif. Publ., Bull. Dept. Geol. Sci., vol. 16, 
no. 12 (1927) p. 449-460; Stratigraphic relations of western Oregon Olig formations, Univ. 
Calif. Publ., Bull. Dept. Geol. Sci., vol. 18, no. 1 (1928) p. 1-50. 

4 R. E. Dickerson: Climate and its influence upon the Oligocene faunas of the Pacific coast, with 
descriptions of some new species from the Molopophorus lincolnensis zone, Calif. Acad. Sci., Pr., 
ser. 4, vol. 7 (1917) p. 157-191. 

46W. P. Woodring: Upper Eocene orbitoid Foraminifera from the western Santa Ynez Range, 
Calijornia, and their stratigraphic significance, San Diego Soc. Nat. Hist., Tr., vol. 6, no. 4 (1930) 
p. 145-170; Age of the orbitoid-bearing Eocene limestone and Turritella variata zone of the western 
Santa Ynez Range, California, San Diego Soc. Nat. Hist., Tr., vol. 6, no. 25 (1931) p. 371-388. 
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of the lower Lincoln, with which the writers correlate the faunas of the 
Gries Ranch, Keasey and Bassendorf shales, that have been found in 
any other general province. The problem as to whether the line between 
the Eocene and the Oligocene deposits comes within the Gaviota forma- 
tion is one which will have to be settled by future work, and with it, 
the problem as to whether the fauna of the lower Lincoln should be 
referred to the Eocene or to the Oligocene period. 


FACTORS IN CORRELATION 
EOCENE AVENUES OF MIGRATION 


The presence, in the Eocene deposits of California and of the Paris 
Basin, of identical and closely related species can be explained only by 
the assumption that there were definite avenues of migration between 
the two regions. The evidence that this migration was via the Eocene 
Atlantic Ocean and a portal in the present Central American region may 
be summarized as follows: 

1. There appears to be a real relationship between the faunas of the 
Domengine formation of California and the Yellow Limestone (Chapel- 
ton formation) of Jamaica, insofar as the figures given by Trechmann ‘7 
are determinable. 

2. The relationship between the faunas of the California deposits and 
those of the Paris Basin is much more strongly evident than is the rela- 
tionship between the faunas of California and those of India. 

3. The California Eocene faunas are of tropical types. This will be 
discussed in more detail later, but is mentioned here as it negates the 
possibility of a northern, boreal route of migration. 

Any explanation as to the means of migration must be wholly hypo- 
thetical. The present lack of knowledge of the migrations and the means 
of migration of the Recent molluscan faunas raises a reasonable doubt 
as to the writers’ hypothesis, discussed a little further on in this paper. 

Woodring,*® in discussing the generic similarity between the Mediter- 
ranean and the Caribbean faunas of the Miocene and the Pliocene periods, 
found it necessary to postulate a series of islands and banks across the 
southern border of the north Atlantic ocean of that time. It is the opinion 
of the writers that, aside from the isostatic anomalies introduced by a 
hypothesis of this type, it may be objected to on the grounds that the 
existence of such a chain would result in a greater number of similar 
(and identical) species, rather than genera, than are known to occur. The 
suggestion may be advanced that the relationship can be explained as 


47C. T. Trechmann: The Yellow Limest of J ica and its Mollusca, Geol. Mag., vol. 60, 


no. 8 (1923) p. 337-367. 
48W. P. Woodring: Tertiary history of the north Atlantic Ocean, Geol. Soc. Am., Bull., vol. 35 


(1924) p. 425-436. 
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being due to a prevailing east-west current action in the tropical region, 
as exists today, which would carry mero-planktonic larvae across the 
intervening waters. Those forms that did not possess a free-swimming 
larval stage would not succeed in crossing the barrier, except in rare cases 
of accidental rafting. 

The principal objection to such a hypothesis is in the length of time 
required. According to A. E. Parr, Curator of. the Bingham Oceano- 
graphic Institution of the Peabody Museum of Natural History, Yale 
University,*® it would take from four to five months for larvae to cross 
via the South Atlantic tropical current from the Mediterranean Sea to 
the Canary Islands and thence to the Caribbean Sea. Such a period of 
time would probably be prohibitive for the larvae of most forms of 
mollusca. 

Evidence that seems to be significant in the application of this hypoth- 
esis as the means of migration in the Eocene faunas concerned may 
be summarized: (1) The relationship between the California and the 
European Eocene faunas is expressed in the presence of a small number 
of closely related forms, in faunas containing a large number of forms 
that are wholly dissimilar. The related forms may be explained as being 
those species which possessed a mero-planktonic larval period of sufficient 
length to permit their transportation across the ocean basin; the non- 
related species being those which either did not have a mero-planktonic 
larvae, or whose free-swimming period was too short to permit trans- 
oceanic migration. (2) In the California Eocene deposits, the species 
that are closely related to the Paris Basin species are all of genera that 
are present throughout the middle Eocene deposits of Asia and Africa, 
as well as in North America. The range of Velates perversus (Gmelin) 
has been commented upon in an earlier paper by the junior author.*° 
Keilostoma n. sp., which resembles K. minus Deshayes of the Paris Basin, 
is very similar to K. subturricula (Cox) from the Laki formation of 
India; Harpa morgani Cossmann and Pissarro from the Indian Eocene 
resembles H. (Eocithara) mutica Lamarck of the Paris Basin and Egyp- 
tian Eocene and H. mutica n. subsp. Vokes MS. of the Domengine stage; 
species of Terebellum similar to T. fusiforme Lamarck are present in the 
Eocene of India, Egypt, Somaliland, Italy, Paris Basin, Jamaica, and 
California. 

It is to be noted that the relationships of the California faunas are 
with those of the Paris Basin. The Eocene deposits of England and of 
the Gulf Coast of the United States have certain forms suggesting cooler 
waters than those that were present in the Parisian and Californian prov- 


4? Oral communication. 
50H. E. Vokes: The genus Velates in the Eocene of California, Univ. Calif. Publ., Bull. Dept. Geol. 
Sci., vol. 23, no. 12 (1935) p. 381-390. 
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inces. The evidence, as briefly stated, suggests, therefore, that the route 
of migration between the European and the west American regions was 
across the Atlantie Ocean in the tropical region, and through a portal in 
the Central American area. The writers believe that the mode of trans- 
portation may have been by means of east-west flowing currents, the 
migration occurring during the larval period of the individuals. 


TEMPERATURE FACIES OF THE CALIFORNIA EOCENE 


It is the writers’ opinion that the most important factor limiting the 
distribution of the Cenozoic faunas of the Pacific coast was temperature; 
temperature barriers were far more important than land barriers. There 
is apparently good evidence to show that the Caribbean connected with 
the Pacific during most of Eocene, Oligocene, and Lower Miocene times. 
At times during these periods the faunas of the Caribbean and the Cali- 
fornia provinces were closely related; at other times, they were very 
different. These differences, however, become less and less as one goes 
southward, and the distinctness of the fauna in the two areas can best 
be explained as due to differences in temperature, rather than to isola- 
tion produced by a land barrier. 

In general, it may be stated that the California Eocene faunas repre- 
sent tropical types. A recent study of the faunas of the Capay and the 
Domengine stages by the junior author suggests that the modern equiva- 
lents of these faunas are to be found in the Caribbean Sea and in the 
Indo-Pacific region in the vicinity of the Philippine Islands. Of those 
genera represented in both the modern and the Eocene faunas, the great 
majority are based upon genotype species from the recent faunas. Using 
only the geographic range of these genotype species, the following is 
noted: 


Genera Place of origin 
16 Mediterranean Sea 
4 Red Sea 


4 West Coast of Africa 
22 Indo-Pacific and the Philippine Islands 
4 Panamic province of western America 
16 Caribbean Sea and the Gulf of Mexico 
12 Temperate faunas 


Of the 12 genera whose genotype species are from temperate seas, all 
are represented in tropical faunas by species other than the genotype. 
It is noteworthy that there are no genera present in the Eocene faunas 
having recent representatives, which are not found in the tropical seas 
of today. Although a large number of genera are found in the Mediter- 
ranean faunas, the absence in that area of such genera as Harpa, Voluta, 
Nerita, Lyria, Pedalion, and Pseudoliva, which are present in more 
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tropical waters, indicates that the California Eocene seas were warmer 
than those of that sea. 

Wrigley ** has questioned the validity of temperature determinations 
based upon generic assemblage, citing as evidence the occurrence in the 
English Eocene of the genera Astarte and Cyprina of the modern boreal 
fauna, associated with species of the family Turridae, which, he states, 
are indicators of tropical temperature. The writers question the unquali- 
fied assumption that the Turridae indicate tropical waters. This family 
is represented by several genera, notably Lora, Spirotropis, Hemipleuro- 
toma, and Teres, in the recent boreal faunas. Furthermore, an exam- 
ination of figures and specimens of the English Eocene turrid species 
seems to indicate, all are referable to genera now extinct, whose tempera- 
ture ranges are not known. Although the writers freely admit that the 
temperature range of the individual recent species is not necessarily a 
definite indicator of the same, or similar, fossil type, they are convinced 
that the preponderant weight of evidence, such as that already cited for 
the California Eocene fauna, must carry conviction. 


EVIDENCE FOR INTERCONTINENTAL CORRELATION 


In the preceding pages the writers have listed several species in the 
West Coast Eocene faunas that are related to forms in the European 
Eocene, and the presence of these forms has furnished the principal 
evidence for the intercontinental correlations offered. Several of these 
are here illustrated, and their similar and dissimilar features indicated 
on Plates 1 and 2. 


Museum or PAaLeontotocy, University or CatirorNnia, CaLirogNia; Peasopy Museum, Yate 
University, New Haven, Connecticut. 

MANUSCRIPT RECEIVED BY THE SECRETARY OF THE Society, Decemser 28, 1935. 

ReaD BEFORE THE GeoLocicaL Society, Decemser 28, 1935. 


51 A. Wrigley: Faunal divisions of the London Clay, Geol. Assoc., Pr., vol. 35 (1924) p. 252-253. 
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Piate 1 
CALIFORNIAN AND EUROPEAN EOCENE SPECIES 


Figure 1—Clavilithes n. sp.; Domengine stage, Llajas formation, upper zone, Simi 
Valley, Ventura County, California. University of California, Museum 
of Paleontology, Invertebrate Collection, No. 15468. 


Figure 2—Clavilithes scalaris (Lamarck); Auversian stage, Paris Basin, France. 
Reproduetion of Figure 198-1 of Cossmann and Pissarro,™ misidentified 
as C. longaevus Solander, a species of the Lower and Middle Barton 
beds of England. 


Clavilithes n. sp. is, insofar as the writers are aware, the only species in the fauna 
of the Domengine stage that markedly resembles a species in the Paris Basin that 
is not present in the fauna of the Lutetian stage. The spire of the California form 
is relatively higher and the shoulder of the whorl somewhat less tabulated; in the 
details of the nodose and spiral sculpturing of the spire, they are almost identical. 


Figure 3—Clavilithes tabulatus (Dickerson); Capay stage, Marysville Buttes, Cali- 
fornia. Holotype, University of California, Museum of Paleontology, 
Invertebrate Collection, No. 11753, Locality 1853. 


Figure 4—Clavilithes parisiensis (Mayer-Eymar) var. Ypresian stage, Paris Basin, 
France. Reproduction of Figure 198-2’ of Cossmann and Pissarro, 
figured as variety subscalaris Grabau. 


Clavilithes tabulatus differs from C. parisiensis var. only in being somewhat stouter 
in proportion to its length, and in a more marked acceleration of development in 
that the nodose stages of ornamentation are confined to the earlier spire whorls, 
somewhat decolleté on the holotype. 


Figure 5—Cryptochorda californica (Cooper); Capay and Domengine stages, Cali- 
fornia. Specimen from Llajas formation, upper zone, Domengine stage, 
Ventura County, California. University of California, Museum of 
Paleontology, Invertebrate Collection, No. 14846. 


Figure 6—Cryptochorda stromboides (Herman); Ypresian, Lutetian, and Auversian 
stages, Paris Basin, France. Specimen from Parnes, Lutetian stage. 
University of California, Museum of Paleontology, Invertebrate Col- 
lection, No. 14845. 


Apart from a slightly more prominent shoulder on the whorl of the Parisian 
species, it is not possible to indicate characters of specific importance to justify 
the separation of these two forms, other than their geographic distribution. The 
typical C. californica possesses a heavy callus on the posterior portion of the inner 
lip and on the spire; these forms tend to occur in coarse sandstones. The specimen 
figured, occurring in relatively fine-grained sediments, lacks this prominent callus. 
Deshayes™ states that in the Paris Basin there is a variety of C. stromboides “re- 
markable for a callosity deposited on the posterior part of the columella and some- 
times forming a rather considerable protuberance inclined toward the aperture.” 


582 Maurice Cossmann and G. Pissarro: Iconographie compléte des coquilles fossils de l’Eocéne des 
environs de Paris, vol. 2 (1906). 
53G. P. Deshayes: Animauz sans vertébres du Bassin de Paris, vol. 3 (1866) p. 495. 
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The writers have not been able to study specimens of this variety, but it would 
seem to correspond rather closely to the typical form of C. californica. 


Figure 7—Velates perversus (Gmelin);/Capay and Domengine stages. Specimen 
from Capay stage, Llajas formation, lower portion, Simi Valley, Ven- 
tura County, California. University of California, Museum of Pale- 
ontology, Invertebrate Collection, Plesiotype 15481. 


Figure 8—Velates perversus (Gmelin); Ypresian and Lutetian stages, Paris Basin, 
France. Specimen from Ypresian, Meursin, France. University of Cal- 
ifornia, Museum of Paleontology, Invertebrate Collection, Plesiotype 
13309. 


Figures 9, 11—Cuneocorbula torreyensis (Hanna) ; Domengine and transition stages. 
Specimen from Domengine stage, Domengine formation, Vallecitos, San 
Benito County, California. University of California, Museum of Pale- 
ontology, Invertebrate Collection, Plesiotype No. 15737 (Fig. 9), No. 
15738 (Fig. 11). (X3.0.) 


Figures 10, 12—Cuneocorbula biangulata (Deshayes) Lutetian stage, Paris Basin, 
France. Reproduction of Cossmann and Pissarro’s figures 20-21. 


Cuneocorbula torreyensis shows a wide range of variation, fully embracing the 
range of differences separating C. angulata (Lamarck) and C. biangulata (Deshayes). 
The observable differences separating the California and the Paris Basin forms may 
be wholly due to preservation, and adequate material may suggest that these forms 
are conspecific. 


Figure 13—Cryptoconus cooperi (Dickerson) ; Capay and Domengine stages. Speci- 
men from Domengine stage, Domengine formation, Coalinga, Cali- 
fornia. University of California, Museum of Paleontology, Inverte- 
brate Collection, Plesiotype 15780. (X1.5.) 


Figure 14—Cryptoconus priscus (Solander); Lutetian, Auversian, and Bartonian 
stages, Paris Basin. University of California, Museum of Paleon- 
tology, Invertebrate Collection, Plesiotype No. 14904. (X1.5.) 


The whorls of the California species are somewhat more globose than those of 
Paris Basin species, and the anterior canal slightly more sharply delimited from 
the rest of the shell. The pattern of the sculpture is identical. 


Figure 16.—Keilostoma n. sp. Vokes MS.; Domengine stage, Domengine formation, 
Coalinga, California. University of California, Museum of Paleon- 
tology, Invertebrate Collection, No. 15834. 


Figure 15.—Keilustoma minus (Deshayes) ; Ypresian, Lutetian, and Auversian stages, 
Paris Basin, France. Specimen figured from Parnes, Lutetian stage. 
University of California, Museum of Paleontology, Invertebrate Col- 
lection, No. 13378. Length of specimen, 10.5 millimeters. 


Keilostoma n. sp. differs from the Paris Basin form only in the possession of 
finer radial striations, there being eight striations on the penultimate whorl of the 
California form and six on the Parisian species. K. subturricula Cox™ from the 


54. R. Cox: A contribution to the molluscan fauna of the Laki and basal Kirthar groups of the 
Indian Eocene, Royal Soc. Edinburgh, Tr., vol. 57, pt. 1, no. 2 (1931) p. 47. 
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Laki group of India also possesses eight striations on the penultimate whorl, but 
differs in the development of a slight shoulder on the whorls. 


Figure 17—Lyria andersoni Waring, Domengine stage, Domengine formation, north 
of Coalinga, California. University of California, Museum of Pale- 
ontology, Invertebrate Collection, No. 15790. 


Figure 18—Lyria maga (Edwards), Bruxellian (= Lutetian) stage of Belgium, Bar- 
tonian of England. Reproduction®™ of Glibert’s figure 13 of plate 5. 


85M. Glibert: Monographie de la faune malacologique du Bruzellien des environs de Bruzelles, 
Mus. Roy. Hist. Nat. Belg., Mém., no. 53 (1933). 
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Puate 2 
CALIFORNIAN AND EUROPEAN EOCENE SPECIES 


Figures 1, 3—Gisortia n. sp.; Capay stage, Llajas formation, lower zone, Simi Val- 
ley, Ventura County, California. University of California, Museum 
of Paleontology, Invertebrate Collection, No. 14844, Locality 4052. 
(X0.5.) 


Figures 2, 4—Gisortia tuberculosa (Duclos); Ypresian stage, Paris Basin, France. 
Reproduction of Cossmann and Pissarro’s figures 161-1. (X0.5.) 
The California specimen is somewhat more globose and the outer lip is not as 
prominently reflected posteriorly as in the Paris Basin form. The evidence indicates 
that in both species the spire was submerged beneath a callus wash. 


Figure 5.—Harpa (Eocithara) mutica Lamarck n. subsp. Vokes MS.; Domengine 
stage, Llajas formation, upper zone. University of California, Museum 
of Paleontology, Invertebrate Collection, No. 30438. 


Figure 6—Harpa (Eocithara) mutica Lamarck; Lutetian stage, Paris Basin, France. 
Specimen in collection of Arthur Wrigley, London, England. 

The California subspecies of H. mutica differs from the typical only in the posses- 
sion of one or two less axial lamellae on the body whorl, and in a generally greater 
number of spiral threads in the interspaces. Both species possess the same number 
of axials on the first two post-nuclear whorls, but the reduction in number is greater 
on the new subspecies. 


Figures 8, 9—“Turricula” cowlitzensis (Weaver and Palmer); Tejon stage, Cowlitz 
formation, Cowlitz River, near Vader, Washington. University of 
California, Museum of Paleontology, Invertebrate Collection, Plesio- 
types No. 14847 (Fig. 8), 14848 (Fig. 9). 


Figure 7—“Pleurotoma” rostrata (Solander) ; Bartonian stage, Barton beds, England. 
University of California, Museum of Paleontology, Invertebrate 
Collection, No. 14849. 

“Turricula” cowlitzensis and “Pleurotoma” rostrata represent the only species in 
the Tejon stage and the European strata that show any resemblances. Both appear 
to have well-marked ancestral species in the older strata, which are more closely 
related. 7. cohni appears to be an extreme variant of the cowlitzensis form. 


Figure 10—Potamides carbonicola (Cooper); Domengine stage, Domengine forma- 
tion, west of Coalinga, California. University of California, Museum 
of Paleontology, Invertebrate Collection, Topotype No. 15823. 


Figure 11—Potamides tristriatus (Lamarck); Lutetian stage, Paris Basin, France. 
Reproduction of Cossmann and Pissarro’s Figure 151-10. 

P. carbonicola (Cooper) is one of the most variable species known in the Cali- 

fornia Eocene faunas. The specimen figured greatly resembles the Paris Basin 

species, but the range of variation in that form is not known to the writers. 


a 


= . 
Vag 
& 
As 


WENTWORTH AND RAY, PL. 1 


BULL. GEOL. SOC. AM., VOL. 47 


"6261 ‘Z ISNBNy 48910,j 94} Aq 
1 7x9) UMOYS OS] SI 
JO ‘ssBUl 991 JO ay} UI Aq ‘1919819 Jo [81978] Buoje 247 930N 


SIHHON 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 47, PP. 879-934, 11 PLS., 18 FIGS. JUNE 30, 1936 


STUDIES OF CERTAIN ALASKAN GLACIERS IN 1931 


BY C. K. WENTWORTH AND L. L. RAY 


CONTENTS 

Page 
Prince William Sound and Copper River regions................0ceeeeeeeeeees 907 
General summary of glacial fluctuations. . 929 

ILLUSTRATIONS 
Figure Page 
2. Phototopographic map of Mendenhall Glacier......................eeeeees 887 
3. Phototopographic map of Herbert 890 
4, Phototopographic map of Taku and Norris glaciers.....................05: 892 
7. Sketch map of lower portion of Bartlett Glacier..................00eeeeeee 902 


880 cc. K. WENTWORTH, L. L. RAY-—ALASKAN GLACIERS IN 1931 


Figure Page 
10. Index map of Prnce William Sound region.........................000005 907 
11. Sketch map of the Port Valdez vicinity........................... eign 909 
12. Map of the frontal portion of Valdez Glacier.......................2.004. 910 
13. Relation of Sherman and Sheridan glaciers...........................0005 918 
15. Sketch map of Allen Glacier terminal bulb...........................005. 922 
16. Phototopographic map of Childs Glacier........................200000005 924 
18. Phototopographic map of Miles 928 
Plate Facing page 
2. Grinnell and Mendenhall glacier 882 
895 


INTRODUCTION 
GLACIERS STUDIED 


This report presents observations made during the summer of 1931 on 
Mendenhall, Herbert, Taku, and Norris glaciers, in the vicinity of Juneau; 
Spencer, Bartlett, Trail, and Bear Lake glaciers, north of Seward; Valdez 
and Camicia glaciers at Valdez; and Sherman, Sheridan, Childs, Miles, 
Grinnell, and Allen glaciers, tributary to the Copper River. Choice of 
these glaciers was based on accessibility. The locations and relations 
of the glaciers studied are shown in Figures 1, 5, 10, and 11. Dates of 
significant observations are given in the captions of photographic illus- 
trations. 

PURPOSE OF STUDY 

The primary purpose of this Alaskan work was the comparison of the 
shaped and striated boulders produced by river ice during ice jams in 
sub-arctic rivers with similar boulders produced by modern valley gla- 
ciers and with those found in various southeastern States. The latter 
are thought to be the product of river ice during Pleistocene time and 
have been previously described by Wentworth.? The itinerary was so 


1A brief preliminary report of the findings here discussed in detail appeared in F. E. Matthes: 
Report of the committee on glaciers, Am. Geophys. Union, Tr., 15th Ann. Meeting (1934) p. 284-285. 

2C. K. Wentworth: Striated cobbles in southern States, Geol. Soc. Am., Bull., vol. 39 (1928) 
p. 941-953. 
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planned that a period of three weeks was spent studying glaciers near 
Juneau. Nearly a month was then devoted to the study of ice-jam 
work on the Yukon River,’ and, finally, in the Seward and Prince William 
Sound area, nearly six weeks more was given to further glacial studies. 
Visits, ranging in length from one day to nearly a week, were made 
to each of these sixteen glaciers. In some cases, earlier visitors, geologists 
and others, have left published records from which the total and the 
average annual advance or retreat during a period of one or more decades 
can be derived with considerable accuracy. Other glaciers, though long 
known and casually mentioned by various travelers, had not been mapped 
or photographed in such a way as to leave a true record of frontal posi- 
tion, and for these the present work constitutes an initial record. 


METHOD OF STUDY 


Methods used in this study were conditioned by the general lack of 
large-scale, detailed topographic maps and by the comparatively short 
time available at each glacier. The most detailed topographic maps 
available were those of Valdez, Mendenhall, and Herbert glaciers, on a 
scale of 1/62,500. Topographic contour maps of the United States Geo- 
logical Survey, on smaller scales, were available for a few other glaciers; 
several had been mapped with contours by Tarr and Martin.‘ None of 
these maps, with the exception of those by Tarr and Martin, was of 
sufficiently large scale or sufficiently detailed to serve directly as a base 
for the 1931 observations. 

Chief reliance was placed on phototopographic methods of mapping, 
deferring the construction of the maps until the writers had returned to 
St. Louis. No attempt was made to achieve great precision, such as 
can be attained with phototopographic methods using special equipment. 
Instead, a moderate precision was secured by the use of two or more 
panoramic photographs, taken at the two ends of a known, or assumed, 
baseline, with ordinary photographic equipment. The control was taken 
from published maps or executed quickly, by taking horizontal and 
vertical bearings on known points with a Brunton compass or with a 
telescopic stadia hand level. The sketch maps thus made have fair 
accuracy, and, by the use of the same control points in the future, 
comparison of the terminal positions of the glaciers at successive times 
can be made. 

At the most readily accessible glaciers the phototopographic panoramas 
were taken with a Cirkut camera on 614-inch film. At others, a series 
of single photographs were taken on film packs, so as to form a panorama. 


3C. K. Wentworth: The geologic work of ice jams in sub-Arctic rivers, Wash. Univ. Stud., Sci. 
and Tech. Ser., no. 7 (1932) p. 49-80. 
#R. S. Tarr and Lawrence Martin: Alaskan glacier studies, Nat. Geog. Soc. (1914). 
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These were taken with a 10-by-15-centimeter or a 9-by-12-centimeter 
Zeiss camera. In order to rectify the panoramic series of negatives 
taken by the perspective projection of the Zeiss cameras to the cylindrical 
projection of the Cirkut camera, a special projection printer was con- 
structed, by means of which the image was projected from the plane 
surface of the negatives to paper on a curved carrier. Lenses used in 
the printing machine were of such focal length that all prints were thrown 
on an arc of 7.62-inch radius, so as to be interchangeable with the pano- 
ramas taken with the 7.62-inch Protar lens of the Cirkut camera. Thus, 
on all panoramas, lines of equal angular elevation were straight and 
parallel to the horizon, and the horizontal angles were uniform. Slight 
variations in shrinking of the paper, and also in the rate of traversing 
of film in the Cirkut camera, made variations of 2 or 3 per cent in some 
instances. 

At the time of exposing the negative in the field, horizontal and vertical 
shots to several prominent points in the field of view were made with a 
telescopic hand-level or a Brunton compass. An effort was made to obtain 
the horizontal angles between three or four points nearly on the horizon 
of the camera, and also the bearings of several points from which the 
azimuths of lines between the camera position and points in the field of 
view could be determined on the prints. 

In order to construct the sketch maps, the horizon was first indicated 
on the prints, by measurement from the known points and one or more 
azimuth points fixed on each of two or more panoramas to be used. As 
many common points as possible were identified and labeled correspond- 
ingly on two or more pictures. Simple grids were made photographically 
on cut film and superimposed on the photographic prints, so that hori- 
zontal and vertical positions of points might be read. Oversize and 
undersize grids were used where abnormal scales demanded. The grid 
was then placed in position successively on the different prints, and the 
horizontal and vertical positions of the points were read off and recorded 
in tabular form. Vertical positions were read off in percentages, to 
facilitate computation without the use of tables. 

Plotting of points on the map was expedited by concurrent use of two 
long celluloid straight edges. At each of two camera stations, plotted 
on a large sheet, at a position either determined or assumed, a paper 
protractor was centered and oriented. The straight edges were nearly 
four feet long and were provided with a pivot hole axial with one edge, 
through which a large needle passed. The short end of each extended 
far enough back to read on the reverse side of the protractor. By this 
method, the protractors were used in reverse, and the front sides could 
be cut away where points were to be plotted close to the camera stations. 
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Ficure 1, GRINNELL GLACIER FRONT 
Panoramic view from camera station essentially identical with Tarr and Martin, Station O. 
September 6, 1931. 


Figure 2. Front oF MENDENHALL GLACIER 
View from the southern valley wall, Station D of text Figure 2, showing typical receding ice front 
with barren outwash, lakes, and drainage streams. Low moraine in front of the ice marks the ice 
front of about 1909. (A) marks the position of the ice front in 1916; (B) the Glacier Highway bridge 
over the Mendenhall River. Black line across the picture is a “‘guy wire’ for the standpipe from 
which the photograph was taken. June 24, 1931. 


GRINNELL AND MENDENHALL GLACIER FRONTS 
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Ficure 1. EaGLe GLacierR 
Note the frontal lake (left) and the uncrevassed, ablation-lowered, debris-covered surface (right). 


Figure 2. Herspert GLACIER 


Note the well-developed medial moraines and the lateral lake along the ice margin (right). Shrink- 
age of the glacier is shown by the barren, recently uncovered portion of the valley wall along the 
glacial margins. Aerial photographs made by the United States Forest Service, June 22, 1929. 


EAGLE AND HERBERT GLACIERS 
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By reading the tabulated azimuths for a given map point from the two 
camera stations, the straight edges could be swung into position, and the 
points located at once at their intersection. 

After the points were located, a steel rule, provided with a pivot hole 
at the zero end, was substituted successively for the two straight edges, 
and distances from each of the camera stations were recorded to all 
points, usually in arbitrary units. 

In several instances, no base-line distance was » known, and the scale 
of the plotted map had to be determined by comparison of salient points 
with similar points on published maps. Altitudes and topography were 
first computed and plotted in the arbitrary units of an assumed length 
of base line. After identification of points, the length of the base line, 
if not definitely known, was estimated from published maps. The scale 
was then determinable in true units, altitudes were recomputed in feet, 
and points were re-contoured at the chosen interval. For the map of 
Bear Lake Glacier, the most valid base was the 550-foot difference in 
altitude, between the two camera stations, shown by readings on two 
aneroid barometers. Whatever discrepancies in scale subsequent ob- 
servers may discover in these maps, the angular control should be fairly 
consistent. 

The map of Trail Glacier (Fig. 8) was the first constructed by these 
methods. It was checked to determine how accurately the various points 
had been located. The following tabulation shows the general results 
achieved and gives a general picture of what may be expected in such 
work. Possibly five hours was spent in the vicinity of the glacier and 
less than two hours consumed at the photographic stations. 


Precision data 


Discrepancies in elevations calculated from photographs taken from the ends 
of a known base line. 


Number of determined points......................00000 37 
Feet 
Difference of elevation of base line stations................ 85 
Shortest distance to determined points.................... 300 
Longest distance to determined points.................... 4200 
Average discrepancy for 37 points.....................0005 84 
Average discrepancy for 15 points over 1,200 feet distant... . 15 
Average discrepancy for 22 points under 1,200 feet distant. . 45 
Discrepancies for most erratic four points..... 35, 31,30 and 24 
Average discrepancies for remaining 33 points.............. 6 
Average discrepancies for 20 best points................... 3 


Average discrepancies for best 25 per cent of all stations.... 
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The brevity of the visits prohibited climbing to high or remote posi- 
tions offering greater range of view. It is a great advantage, in defining 
the position of the doubly convex terminal bulbs of the glaciers, to be 
able to look down on them. To define the curved terminal margins, by 
triangulation from two points not far away nor far above the base of the 
ice, is practically impossible. Some of the stations used were found to be 
closer together than desirable, for the angles of intersection were too 
small to afford a high degree of accuracy for points on the surface of 
the ice tongue or on the valley walls. Phototopographic stations should 
be points as high and as far apart as possible, with reference to the ice 
margin, so as to give large angles in triangulation. 

Airplane photography will yield more faithful records of glacier mar- 
gins than any limited number of ground photographs. However, such 
photographs should be supplemented by careful and detailed ground 
study of glacial phenomena. 
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JUNEAU REGION 
GENERAL STATEMENT 


From the vast ice field in the high mountains of the Coast Range, east 
of Lynn Canal and north of Taku River, numerous glaciers descend in 
all directions. Glaciers, such as the Lewellyn, which descend from the 
high mountains in the Lake Atlin region, are thought to be through gla- 
ciers > with those of the Juneau region.* Glaciers on the eastern margin 
of this ice field have not been described, and their number and size are 
unknown. 

Only four of the most accessible glaciers that descend from this ice 
field in the vicinity of Juneau were visited—Herbert, Mendenhall, Norris, 
and Taku (Fig. 1). The last-named is tidal; the others have only 
recently retreated from the coast. 


MENDENHALL GLACIER 


Mendenhall Glacier’ moves from the high mountains, in a westerly 
direction to within about 3 miles of the Gastineau Channel, north of 
Juneau. Early records indicate that it has recently been tidal. Whidbey, 
in 1794, and Sir George Simpson, in 1841, found ice floating in the Gas- 
tineau Channel near the glacial terminus. Davidson reports: 

“The U. 8S. Hydrographic Chart No. 225, of 1869 . . . lays down a ‘glacier’ coming 


down nearly to the water. The Admiralty chart No. 2431 of 1865 has the words 
‘Water glacier’ at the site of Mendenhall.” ® 


5 The condition which prevails when “it is possible to travel from the terminus of one of the 
glaciers up to the ice-submerged divide area, and thence proceed down to the terminus of any one 
of the several glaciers fed from the same broad reservoir; but it would be difficult to tell where 
the one glacier ends and the other begins” [R. 8. Tarr and L. Martin: Alaskan glacial studies, Nat. 
Geog. Soc. (1914) p. 28]. 

6J. C. Gwillim: Report on the Atlin mining district, British Columbia, Geol. Surv. Canada, 
Ann. Rept., vol. 12 (1902) p. 15B. 

7 James McCormick: Geographic dictionary of Alaska, U. S. Geol. Surv., Bull. 299 (1906) p. 431. 
[Note: Glacier names accepted by the writers are all approved by the U. S. Geographic Board 
or else represent common usage of the local residents.] 

® George Davidson: The glaciers of Alaska that are shown on Russian charts or mentioned in 
older narratives, Geog. Soc. Pacific, Tr. and Pr., ser. 2, vol. 3 (1904) p. 78. 

Mendenhall Glacier is well shown on the following maps: U. S. Coast Survey Chart No. 8300 
(1930); topographic map accompanying The Eagle River District, U. 8. Geol. Surv., Bull. 502 (1912); 
The Juneau gold belt, U. 8. Geol. Surv., Bull. 287 (1906) pl. I; Tongass National Forest (Feb. 1928). 


q 
— 
q if 
1 
| 
og 
ne 
| 
j 
Nie 
one 
| 
4 
a 


886 C. K. WENTWORTH, L. L. RAY—ALASKAN GLACIERS IN 1931 


In 1901, the glacier ® was examined by Marsden Manson, whose find- 
ings were reported by Davidson. They indicated that, from 1892 to 1901, 
it had retreated forty or fifty feet per year. Examining the trees from 
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Froure 1—Index map of the Juneau region 
Showing position of the glaciers studied. 


the ice front to the shore of the channel, Manson found that they 
grew progressively older away from the ice, ranging in age from seed- 
lings to mature trees, 321% inches in diameter, the age of which, based 
on growth ring counts, was 209 years. Since Manson’s visit, markers 
have been placed by the United States Forest Service, showing the 
approximate ice front in the years 1906, 1916, and 1926 (Fig. 2; Pl. 2, 
fig. 2). 

In June, 1931, this glacier showed unmistakable evidence of rapid 
retreat. The ice-front considered as a whole, is low, showing a typical 


® George Davidson: op. cit., p. 79. 
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melting profile. The entire glacial surface is deeply crevassed; con- 
sequently, there is little surface débris and only a poorly developed 
medial moraine. Deep crevasses form re-entrants in the ice front, into 
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Ficure 2—Phototopographic map of Mendenhall Glacier 


Showing position of the ice front in 1909 and 1931; a, b, c, d, and e, mark the camera stations 
from which panoramic photographs, used in the construction of the map, were taken. (a) South 
end of the Glacier Highway bridge over Mendenhall River; (b) and (c) shore of large ice-front 
lake—possibly, these stations will not be permanent, but they were the most advantageous to be 
found in 1931—(d) gravel bar in Mendenhall River, near the powerhouse of the Alaska-Juneau 
Company—although this station cannot again be located, another may be occupied in the same 
general location—(e) platform of the Alaska-Juneau Company’s flume, at the upper end of the 
standpipe that carries water to the powerhouse. (f) Large roche moutonnée, now being uncovered 
by the retreat of the ice front. 


which water from the frontal lakes penetrates, thereby increasing the rate 
of recession through melting. Most of the frontal margin of the ice 
discharges into frontal lakes, which, together with the crevassing, renders 
the front difficult of access. 
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At present, there is no expanded terminal lobe or bulb, although the 
abandoned terminal moraines and the concentric configuration of the vege- 
tation near the ice front show that, before the glacier retreated within 
its confining valley walls, it was spread into a more or less fan-shaped 
lobe (Pl. 2, fig. 2). A hummocky outwash-plain lies between the ice 
front and Gastineau Channel. The hillocks, composed mainly of well- 
rounded cobbles, are covered with a rank growth of vegetation; low 
intervening areas are swamps. 

Along the extreme northern margin of the ice front, there are now being 
uncovered the remnants of a buried forest, indicating an advance of the 
glacier over a mature forest, as shown by the size of the tree stumps. 
Buried forests, reported by Reid *° and others, are by no means rare. 

Lateral margins of the ice show a definite recession, consequent to 
the lowering of the surface of the glacier, uncovering a wide lateral strip 
of country rock and débris, too recently exposed to support vegetation. 
This evidence, combined with Manson’s report ** in 1901 that “at the 
front of the glacier and above its surface the side of the mountain on 
the east is marked by moraine boulders for some height; then by alder 
and seedling spruce; higher by half-grown spruce; and finally by full- 
grown spruce,” would indicate that for many years there has been con- 
tinual recession of the glacier. Small lateral drainage streams, ice- 
dammed lakes, and isolated blocks of melting ice characterize the south- 
ern margin. On the northern side of the ice front, in 1931, there was 
being uncovered a large roche moutonnée, against which the ice was 
moving. A similar roche moutonnée, now entirely uncovered, is to be seen 
near the power-house of the Alaska-Juneau Gold Mining Company, on 
the south side of the glacier front. It was uncovered between 1892 and 
1906, by melting and retreat of the ice front, an occurrence recalled by 
several of the old settlers. 

The map (Fig. 2) constructed by phototopographic methods, using the 
United States Geological Survey map of 1909, accompanying Bulletin 502 
for scale and additional data, shows the general recession of Mendenhall 
Glacier since 1909. The average retreat of the glacier, from 1909 to 1931, 
was about 1280 feet, with the maximum linear recession along the south- 
eastern drainage stream of 3375 feet since 1906, or an average of 135 
feet per year for 25 years. 

Comparison of this map with Plate 2, figure 2, shows that the morainic 
barrier built by the glacier corresponds roughly with the position of the 
ice front in 1909. Little vegetation has encroached on the area uncovered 
since that time. 


0H. F. Reid: Studies of Muir Glacier, Alaska, Nat. Geog. Mag., vol. 4 (1892) p. 39. 
11 George Davidson: op. cit., p. 79. 
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Ficure 1. Twin GLacrers 
Note that the glaciers are separated by a distance of several hundred feet, also the well-developed 
Forbes dirt bands. The approximate position of the combined ice front in 1907 is shown by the dot- 
ted line. Aerial photograph by the United States Forest Service, August 2, 1929. 


Figure 2. Taku GLACIER 
Crevassed upper surface of the glacier is clearly shown, as it descends from the distant icefield. The 
glacially rounded character of the lower elevations is distinctly shown, as are the rugged, higher 
peaks, which rose above the level of the Pleistocene glaciation. Note the absence of land in front of 
the ice, and compare with Plate 6, figure 1. Aerial photograph by the United States Forest Service, 
August 4, 1929. 
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A plane-table map of part of the Mendenhall area, by Merritt and 
Holbrook of the United States Biological Survey, as well as much addi- 
tional information, was furnished the writers by M. L. Merritt. 


HERBERT GLACIER 


Herbert Glacier, approximately 20 miles north of Juneau and 10 miles 
north of Mendenhall Glacier, ends about 4 miles from the open waters 
of Lynn Canal. It can be reached by a 5-mile trail from the Glacier 
Highway. 

Herbert Glacier, rather than Eagle Glacier, was studied, because of the 
relative inaccessibility of the latter. It is thought that the histories of 
the two are similar, because of their nearness and derivation from the 
same ice-field, and because of the similar appearance (Pl. 3). Both 
glaciers have well-developed medial moraines, although Herbert Glacier 
carries more superglacial débris than any other studied in this region. 
No detailed studies of these two glaciers have been reported, although 
they appear on numerous maps ** and are mentioned in reports on nearby 
mining districts.** 

The front of Herbert Glacier (Pl. 4, fig. 1) presents a low surface, 
somewhat rounded by ablation. Deep crevasses in the central portion 
form re-entrants through which the water of the extensive frontal lake 
penetrates the ice. 

Eagle Glacier appears to be less crevassed, and has a bifurcated front, 
caused by a large roche moutonnée. The northern half debouches into 
a large frontal lake; the southern half, covered with a heavy mantle 
of débris, thins out on a flat outwash-plain, its uncrevassed surface having 
a gentle slope. 

The valley walls of Herbert Glacier adjacent to the ice were free from 
vegetation to an altitude of possibly 200 feet above the ice surface. 
About three-quarters of a mile above the ice front, along the southern 
valley wall, Huskey Creek valley joins the ice-filled main valley. 
Huskey Creek is dammed by Herbert Glacier, resulting in the forma- 
tion of a lateral lake. Similar lakes were found at Mendenhall, Norris, 
and Valdez glaciers. With the sudden escape of the water in these lakes, 
through subglacial channels, frequent important changes are wrought in 
the frontal drainage of the glacier. 


124A. C. Spencer: The Juneau gold belt, Alaska, U. S. Geol. Surv., Bull. 287 (1906) pl. I. 
Adolph Knopf: The Eagle River region, southeastern Alaska, U. S. Geol. Surv., Bull. 502 
(1912) pl. I. 
U. S. Coast Survey Chart No. 8300. 
U. S. Forest Service map of Tongass National Forest. 
18 Adolph Knopf: op. cit., p. 11-13. 
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Ficure 3—Phototopographic map of Herbert Glacier 


Showing the shrunken position of the 1931 ice front, as compared to the more advanced position 
of the ice front in 1910. The abandoned channel of the 1910 outlet stream is indicated. Photo- 
topographic stations I and II were on the outwash-plain, approximately 500 feet apart and 70 feet 
above the level of the lake. 


The map made in 1910 shows the chief drainage stream to be issuing 
from the northern side of the ice front, and flowing southwest between 
two roches moutonnées.** In 1931, the principal drainage was from the 


14 Op. cit., pl. I. 
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southern end of the ice front, the stream flowing westward along the 
southern edge of the outwash-plain. The former stream bed is now visible 
as an abandoned valley, its floor several feet above that of the present 
drainage stream.’® 

Numerous resurrected tree stumps, similar to those at Mendenhall 
Glacier, were noted along the abandoned stream valley, suggesting that 
in front of both glaciers mature forests were buried at approximately 
the same period of glacial advance. The accompanying map (Fig. 3) 
shows the general relations found in 1931. It appears that the glacier 
has retreated about 2600 feet since 1910, or approximately 125 feet per 


year. 
TAKU GLACIER 


Taku Glacier, the only tidal glacier visited, discharges icebergs at the 
head of Taku Inlet (PI. 5, fig. 2). 

This glacier, visible from tourist steamers, is shown on several maps,’® 
but as yet has not been studied in detail by glaciologists. Most authori- 
ties mention it.17 Russell gives the most complete account. Taku heads 
in the great icefield of the Coast Range Mountains and, like Mendenhall 
Glacier, is undoubtedly a through glacier with the Llewellyn of the Atlin 
Lake region, British Columbia. 

During the brief stay in Taku Inlet, a station was located on the east 
dome (Fig. 4), only a few hundred feet from the ice front,’* and another 
on the west wall of the inlet, between Taku and Norris glaciers. The 
entire upper surface of the glacier is strongly crevassed in its lower 
reaches. 

The glacier front, which completely fills the valley, is about 200 feet 
in height, of a deep blue color, deeply pinnacled, buttressed, and free 
from discoloring débris. The unusually clean appearance of the ice and 
the lack of morainal material on the surface are at once apparent. The 
ice front, when viewed from the west bluff, shows a large projecting 
tongue, slightly to the east (left of Pl. 6, fig. 1) of the center of the 
ice front, which indicates the advance of the ice. 

Close examination of the ice front on the west side, where the ice is 
moving with the greatest velocity, owing to the curvature of the glacier 


%L. L. Ray: Some minor features of valley glaciers and valley glaciation, Jour. Geol., vol. 43 
(1935) p. 305-307. 
16 International Boundary Commission Map, sheet 7 (1923); U. 8S. Coast Chart No. 8300 (1930); 
Tongass National Forest Map (1926); U. 8. Geol. Surv., Bull. 287 (1906) pl. XXXVI. 
17 Harriman Alaska expedition, vol. 1 (1902) p. 125. 
R. 8. Tarr and Lawrence Martin: Alaskan glacier studies, Nat. Geog. Soc. (1914) p. 4, 5, 193. 
H. F. Reid: op. cit., p. 47. 
I. C. Russell: Glaciers of North America (1904) p. 78-80. 
18 According to a report received January 27, 1934, from E. P. Pond, of Juneau, Alaska, additional 
advance was noted in the fall of 1933, when the advancing glacier had covered the phototopographic 
station occupied on the east dome in 1931. 
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itself, shows that there is a small amount of débris at the water level. 
This is probably derived from the delta of the nearby Norris Glacier and 
is only slightly supplemented by the débris from Taku Glacier. Taku 
is evidently impinging on the constantly increasing delta from Norris 
Glacier (Pl. 1; PL. 6, fig. 1). It follows, then, that the western side of 


CLACIER » 


Ficure 4—Phototopographic map of Taku and Norris glaciers 
Showing the frontal position of Norris Glacier in 1929 and that of Taku in 1909, 1929, and 1931. 
The newly formed land in front of Taku Glacier is shown adjacent to the ice front and the western 
valley wall. a, 6, and c sre phototopographic stations from which the pictures used in the construc- 
tion of this map were taken. 


\ 


Taku Glacier is being held back, causing a marked and rapid advance 
in the central portion. The southern margin of the glacier, which is 
moving at the slowest rate, is also being melted back with the greatest 
rapidity, for here a large subglacial drainage channel allows access of the 
sea water into the ice. 

Using the phototopographic map (Fig. 4) as a basis for computation, 
the writers have found that Taku Glacier has advanced a maximum of 
about 7600 feet since 1909, or an average of about 340 feet per year. Be- 
tween the time of the airplane survey in 1929 and the writers’ visit in 1931, 
a pronounced ice tongue had advanced about 1650 feet, with an additional 
advance of several hundred feet noted in the fall of 1933.1° Thus, in the 
22 years between 1909 and 1931, the ice of Taku Glacier added to its 
area about 1,235 acres, and between 1929 and 1931, about 195 acres 


39 Ibid. 
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more. The general advance of Taku since 1909 is, as yet, unexplained, 
although the striking local advance of the central ice tongue, between 
1929 and 1931, was probably caused by grounding of the western margin 
of the glacier on the submerged delta of the nearby Norris Glacier. 


NORRIS GLACIER 


Norris Glacier is on the west side of Taku Inlet, opposite Point Taku. 
This region has not been mapped in great detail, although the position 
of the ice front of Norris Glacier is shown on several maps.”° Davidson, 
in 1904, reported that: ** 

“|... The fan-shaped moraine delta of this glacier has a frontage of three miles. 
One and a quarter miles inland is the front of the glacier with a face of a mile 
and five-eighths in width. It coiaes down between mountains of 4,000 feet elevation. 
The subsurface of the delta front has narrowed the channel to two thirds of a mile, 
with a depth of twenty-five fathoms.” 


There can be no doubt that, within the past few hundred years, Norris 
Glacier and the now tidal Taku Glacier were united, forming a single 
tongue, which moved down Taku Inlet toward its mouth. However, the 
earliest reports do not mention the Norris Glacier as being tidal or as 
discharging icebergs. Plate 1 and Plate 5, figure 2, show the character- 
istic rounded character of the lower mountain slopes, as contrasted with 
the rugged peaks that protruded above the glacial ice during the most 
active period of Pleistocene glaciation.” 

The aerial survey of the region, conducted by the United States Forest 
Service during the summer of 1929, showed the present condition of the 
glacier to be marked by an increasing delta and a diminishing ice mass. 
The outer fringe of the delta, along the tidal flat, is covered with marsh 
grass and small brush, and about midway between the waters of the 
inlet and the ice front, on remnants of a small terminal moraine, there 
is a more or less mature forest growth of spruce trees. Drainage streams 
from the ice front have dissected this moraine, causing the patchy forest 
growth shown in Plate 1. Nearer the ice front the forest growth is 
replaced by alders, which, in turn, give way to the barren outwash-plain. 
The constantly shifting glacial débris on the delta has prevented smaller 
plants from gaining a foothold as near the ice margin as they do at 
Mendenhall Glacier, except on the northern portion of the ice front, 
where the ice has apparently been stagnant and inactive for a longer 
period of time. 


20 International Boundary Commission Map, sheet 7 (1923); U. S. Coast Chart No. 8300 (1930); 
Tongass National Forest Map (1926); U. S. Geol. Surv., Bull. 287 (1906) pl. XXXVI. 

21 George Davidson: The glaciers of Alaska that are shown on Russian charts or mentioned in 
older narratives, Geog. Soc. Pacific, Tr. and Pr., ser. 2, vol. 3 (1904) p. 80. 
221, C. Russell: op. cit., p. 80. 
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In all probability, Norris Glacier has been retreating, except for minor 
advances not noted by observers, since the white man first entered Alaska. 
Lateral margins of the glacier show a marked line, where the ice has 
retreated from the mature forests that clothe the valley walls. This 
indicates that, at one time, Norris Glacier was in a much more reduced 
condition than at present, allowing the forests to move far down the 
valley walls, possibly to elevations now covered by the glacier itself. 
An advance of the glacier brought the ice up to the boundary of the 
forest of today, removing all the vegetation formerly growing below that 
point. Recession has left bare that portion of the valley wall, covered 
by ice too recently for vegetation to gain a foothold. 

A part of the ice front is remarkably free of ice-front lakes and large 
drainage streams. It is low and ablation-rounded, only moderately 
crevassed, with the exception of a small area on the southern portion. 
It presents a rather typical appearance; detached blocks of melting ice, 
spongy cover of glacial débris, many rounded cobbles, underlain by melt- 
ing ice, and numerous small push moraines and terminal moraines, none 
over a few feet in height. There was a marked absence of large kettle 
holes. In general, the surface of the glacier is free from débris, only 
slight traces of lateral moraines being visible. 

According to Reid,”* this glacier suffered from the earthquakes of 
1899, for he says: 


“The Windom (Norris) glacier, which ends on gravel-deposits in Taku Inlet, is 
reported to have suffered the loss of a large part of its end, due apparently to the 
washing out of the supporting gravels.” 


The writers are inclined to be sceptical of the influence of the earth- 
quake, for the ice must have ended then, as now, several thousand feet 
from the water of the inlet, so that only a tremendous shock could have 
induced a flood able to “wash out the supporting gravels.” The writers 
believe that this removal of the supporting gravel may have been due 
to the phenomenon described by E. P. Pond, of Juneau, Alaska, who has 
visited the glaciers of Taku Inlet over a long period of years. According 
to Pond,** a lake is formed each spring, by the melting of snow and 
glacial ice along the southern margin of Norris Glacier, several miles 
inland from the frontal margin. Water accumulates between the glacial 
ice and the valley wall until it is able to find a passage beneath the ice. 
In early summer a subglacial drainage system suddenly drains the lake, 
the waters spreading over the outwash-plain and delta of the glacier, 
cutting new channels and depositing great quantities of débris. 


%H. F. Reid: The variations of glaciers, Jour. Geol., vol. 9 (1901) p. 253. 
% Personal communication. 
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Ficure 1. GLACIER 
View from Station B, showing small patch of land forming in front of the glacier. June 26, 1931. 


Ficure 2. NORTHERN MARGIN OF CHILDS GLACIER 
Showing lateral moraine and crevassed and moving ice. Railroad bridge, Miles Lake, and Miles Gla- 
cier (background). September 11, 1931. 
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Ficure 1. Across THE FRONT OF GRINNELL GLACIER 
Panoramic view to the south, from the northern ice tongue. September 6, 1931. 


Figure 2. DEADMAN GLACIER 
View from Camera Station A of the Bartlett Glacier survey, at the east end of trestle, approximately 
at Mile 48.3. August 18, 1931. 


GRINNELL AND DEADMAN GLACIERS 
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The map showing the ice front of Norris Glacier (Fig. 4) is based, in 


part, on photographic triangulation, supplemented by the International 
Boundary Commission Map for scale and additional data. A map pro- 
jection of the glacial front was made from aerial photographs taken in 
1929 by the United States Forest Service.2> No stations were occupied 
for phototopographic purposes at Norris Glacier, nor was any attempt 
made to define the frontal margin of 1931, which was thought to be 
close to that of 1929. 


TWIN GLACIERS 


Twin Glaciers descend from the mountains to the northern bank of 
the Taku River, about 9 miles from the point where the river enters 
Taku Inlet. The westernmost glacier is, in part, a distributary of the 
larger adjacent Taku Glacier.2* Reid named the glaciers in 1890, and, 
since that date, no careful study of them has been made. 

These glaciers are shown on several maps,?’ apparently the most accu- 
rate being the International Boundary map and that of the United States 
Geological Survey, which show the glaciers in some detail, with a single 
terminal lobe, formed by the unification of the two glaciers at the base 
of the mountains.”* It is interesting to note that no frontal lake is shown 
in the map that accompanies the United States Geological Survey Bulle- 
tin 287 of 1906. 

Photographs made during the 1929 aerial survey show that these two 
glaciers have retreated far enough to become separated by a distance 
estimated at a few hundred feet, a change that is not indicated on the 
coast chart of 1930. The glaciers still descend to approximately the 
level of the Taku River, discharging icebergs into a large frontal lake, 
connected with tke river by a narrow channel. 

The eastern, or smaller, of the two glaciers seems to have retreated 
more rapidly, for the western glacier still had, in 1929, a smooth ice 
tongue, projecting to the southeast, in contrast to the tongue shown on 
the boundary map, which extends in a southwesterly direction. Both 
glaciers are quite free of surface débris, highly crevassed, and display, 
with striking clarity, structures known as Forbes’ bands (PI. 5, fig. 1). 

Unfortunately, these receding glaciers were not visited by the writers, 
but, because of their nearness to Norris and Taku glaciers, and their 
intimate connection with Taku, this description is included. 


%The writers’ attention was drawn to these maps, and copies were made available in Juneau 
by the Juneau office of the U. S. Forest Service, Charles H. Flory in charge. 

%R. 8. Tarr and Lawrence Martin: Alaskan glacier studies, Nat. Geog. Soc. (1914) p. 4-5. 

27 International Boundary Commission Map, sheet 8 (1928); U. S. Coast Chart No. 8800 (1930); 
Tongass National Map (1926); U. S. Geol. Surv., Bull. 287 (1906) pl. XXXVI. 

8Dr. Lawrence Martin suggests that the old International Boundary Commission Map of about 
1895 shows an expanded stage of Twin Glaciers. 
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SUMMARY 


Since the last great advance of Pleistocene time, there has been a 
general worldwide retreat of valley glaciers. Minor fluctuations during 
this retreat have left few records which can be pieced together. However, 
Reid has concluded that the glaciers of Glacier Bay attained their great- 
est recession several centuries ago, and then re-advanced, as have the 
glaciers of the Alps in historic times.?® When the glaciers of Glacier Bay 
and the Juneau region were at their point of maximum recession, mature 
forests grew far up their valleys. These forests, later buried beneath 
the advancing ice, are now being uncovered by the retreat of the glaciers. 
The advance over them was of short duration, and, according to Reid, 
reached its maximum about the time of Vancouver’s visit to the region, 
at the close of the eighteenth century.*° Since then, all the glaciers here 
discussed, with the exception of Taku, have been in general retreat, a 
history apparently shared by most of the glaciers of southeastern Alaska. 
This retreat has been marked by variations in rate and, in some instances, 
ice fronts appear to have remained nearly stationary or to have advanced 
slightly during short intervals. Thus, fairly pronounced moraines have 
been built or minor vegetation limited to a sharper line than would other- 
wise be found. 


SEWARD REGION 


GENERAL STATEMENT 


After passing around the head of Prince William Sound, the principal 
belt of Alaskan coastal glaciers swings southwestward and extends down 
the axis and eastern side of the Kenai Peninsula. On the peninsula, the 
glaciated area is broken into two parts by the line of depressions followed 
by the Alaskan Railroad from Seward to Anchorage (Fig. 5). The rail- 
road crosses the Kenai Peninsula obliquely, passing, from south to north, 
through parts of the valleys of Salmon Creek, Kenai Lake, Trail Creek, 
and the Placer River, and emerging at the eastern point of Turnagain 
Arm. East of this succession of valleys is an arm of the main peninsula 
whose summit range reaches altitudes of more than 6,000 feet, and, for 
40 miles, probably rises to altitudes generally above 5,000 feet. All the 
glaciers visited move westward from this eastern segment of the pen- 
insula, into the depression occupied by the Alaska Railroad. Some of 
them, if not all, are arms of an icefield of which little is known except 
that it appears to be continuous for nearly 60 miles in a north-south 


2” H. F. Reid: Studies of Muir Glacier, Alaska, Nat. Geog. Mag., vol. 4 (1892) p. 39-40. 
% Op. cit., p. 38. 
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Ficure 5—Index map of the Seward region 
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direction.* Its longer ice tongues extend eastward toward the shores 
of various arms of Prince William Sound. Many of these tongues are 
tidal glaciers, a number of which have been described by Grant and 
Higgins.** The glaciers studied extend westward and are: Bear Lake, 
Bartlett, Deadman, Spencer, and Trail. 


SPENCER GLACIER 


Spencer is the largest of several glaciers tributary to the headwaters 
of the Placer River, which flows northward to the head of Turnagain 
Arm. It was named for a young Californian, a timekeeper on the rail- 
road, who lost his life while attempting to cross the glacier in the late 
fall of 1906.** According to the United States Geological Survey map 
of the southern third of the Alaska Railroad, the glacier is at least seven 
miles long and in places nearly two miles wide. Because of lack of 
mapping in the more remote and higher parts of the area, it is not clear 
whether Spencer Glacier is fed by the ice of the main snowfield and, 
hence, is a through glacier with Blackstone and others of the east slope 
of the range, although this seems probable. In 1931, the lower end of 
the glacier reached an elevation of about 200 feet above sea level. 

The glacier ends near the Placer River, about two miles below Tunnel, 
a railroad station stop, its somewhat reduced bulb being visible to the 
east, from the Alaska Railroad between Miles 53 and 56. Below Tunnel, 
the Placer River, fed in part by Bartlett Glacier, has cut a narrow, 
winding post-glacial gorge, 100 to 200 feet below the bottom of the 
ice-scoured valley of late glacial time. The railroad follows the gorge 
through a number of tunnels. At the lower end of this gorge, the ice 
of Spencer Glacier diverts the Placer River ** to the west, around a large 
roche moutonnée (Fig. 6). Here, the river emerges at the head of a long 
outwash-plain, which extends several miles to the north, where it merges 
with outwash from Portage Glacier. 

Spencer Glacier pushes beyond its own valley and reaches the margin 
and level of this outwash-plain, contributing its melt water and the bulk 
of the débris now deposited in the main valley. The appearance of 


%1The southern third of the Alaska Railroad map shows an unmapped area for most of this 
region. However, long glaciers extend down from all sides of this highland, and it is safe to assume 
that an extensive ice-field exists. 

U.S. Grant and D. F. Higgins: Coastal glaciers of Prince William Sound and Kenai Peninsula, 
Alaska, U. 8. Geol. Surv., Bull. 526 (1913) 75 pages. 

33 Personal communication from J. T. Cunningham, acting General Manager of the Alaska Railroad, 
Feb. 28, 1935, quoting information from Walter S. Jones, pioneer resident engineer of the railroad. 

% Much work has been done by the railroad in diverting the stream so that it may continue 
to flow south of the roche mountonnée and pass under the main railroad bridge, for much damage 
attends the flow of outlet streams down the east side of the track. This was discussed by R. S. 
Tarr and Lawrence Martin: An effort to control a glacial stream [Kenai Peninsula, Alaska], Assoc. 
Am. Geog., Ann., vol. 2 (1218) p. 25-40. 
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Spencer Glacier in 1931 from the south is shown in Plate 4, figure 2. The 
general form is that of a low, gently sloping nose, extending only slightly 
from the walls of its valley. Several large débris-covered cones, on the 
northwestern margin, indicate a pronounced ablation of the upper surface. 
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Ficure 6—Sketch map of Spencer Glacier 
Photot hically constructed from panoramic photographs taken at Stations C and D, and 


from hase-obscured pictures taken at Stations A and B. Bedrock area is cross-hatched; moraine 
and outwash carry self-explanatory symbols. Except for the details near Stations C and D, this 


map is much generalized. The scale may be in error by five to ten per cent. 


A comparison with earlier photographs showed that this condition was 
more marked in 1931 than previously. Except for this ablation moraine 
at the northwest corner the surface was practically free from débris. 
The southwestern portion of the glacier is deeply notched by the 
melting and mechanical effect of the water of the Placer River, where 
it emerges from the gorge. This notching is far more pronounced than 
it was in earlier years, when the movement of the glacier was more 
vigorous. Below the notch, the ice rests against the elongate hill, seen 
in Plate 4, figure 2. for a short distance, but far enough to prevent the 
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water of the Placer River from passing along the glacier margin and 
northeast of the hill. Slight additional recession would probably permit 
this change of drainage, and possibly the complete abandonment of the 
present course of the Placer River for a distance of a mile or more, unless 
artificial control by the railroad is successful in maintaining the present 
outlet. 

Along the northern margin of Spencer Glacier, for a mile back of the 
Placer River flat, is an area of smoothed and striated rock knobs, only 
recently abandoned by the ice. At various points in this district, the 
rock surfaces show two sets of striations, crossing at varying angles. It 
is apparent that along the lateral margin of an ice tongue, slight differ- 
ences in thickness and extent of ice markedly affect the direction of local 
ice movement, a possibility not always taken into account in the study 
of surfaces striated by continental glaciers. 

There is abundant evidence of a more massive and longer ice tongue 
in the Spencer Glacier valley during Pleistocene time, though little defi- 
nite information was obtained during a brief visit. There is also evidence 
of greater ice extension within the past few decades in the trimming of 
the spruce forest both on the roche moutonnée shown at the left end 
of Figure 6 and on the spur on the right of the photograph (PI. 4, fig. 2). 
Tarr and Martin decided, after their study of the glacier in 1911, that 
the advance took place sometime shortly before about 1898 or 1899.*° 
Observations by the writers led to the belief that none of the vegetation 
was more than 20 to 25 years old, whereas the spruce forest, seen only 
from a distance, was judged to be at least several hundred years old. 

According to G. W. Colwell, division superintendent of the Alaska 
Railroad at Tunnel, the ice in 1916 covered about a third of the roche 
moutonnée, corresponding perhaps to the demarcation between the nearly 
bare area and the zone of scattered shrubs. In 1906, the main ice 
tongue extended to within 200 feet of the main railroad bridge over the 
Placer River at Mile 54.3. This extension seems nearly to correspond 
to the position at which the spruce forest was trimmed. Tarr and Martin 
report that the ice front of the glacier receded about 36 feet between 1905 
and 1911,** when the outlines, approximately as shown in Figure 6, were 
mapped for Spencer Glacier by topographers of the United States Geo- 
logical Survey, and subsequently published on the Alaska Railroad map, 
southern third.*7 Martin’s 1911, more detailed map of the ice front ** 


* R.S. Tarr and L. Martin: An effort to control a glacial stream [Kenai Peninsula, Alaska], Assoc. 
Am. Geog., Ann., vol. 2 (1913) p. 29. 

% Op. cit., p. 28. 

37 Also shown in F. H. Moffitt: Mineral resources of Kenai Peninsula, Alaska: Gold fields of the 
Turnagain Arm region, U. S. Geol. Surv., Bull. 277 (1906) pl. 2; G. C. Martin, B. L. Johnson, 
and U. S. Grant: Geology and mineral resources of Kenai Peninsula, Alaska, U. 8. Geol. Surv., 
Bull. 587 (1915) pl. 3. 

38 R.S. Tarr and Lawrence Martin: op. cit., fig. 3. 
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Figure 1. Bear Lake GLacier 
Panorama from Camera Station B; altitude, 1820 feet - barometric. Station 1610 feet N 80°W of 
point C in the photograph. August 8, 1931. 


Figure 2. NORTHERN MARGIN OF CHILDS GLACIER 
Photographed from near the southern end of the railroad bridge. Copper River (foreground). Tarr 
and Martin, Station B, 1910. September 4, 1931. 
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shows conditions during the recession from the advanced position of the 
late 1890’s to the re-advance about 1916, when the ice advanced over 
about a third of the roche moutonnée. 

The writers have estimated that the recession of the ice since about 
1906 is 2,100 feet, or an average of about 140 feet per year. 


DEADMAN GLACIER 


Deadman Glacier is a small glacier lying northeast of the ice front of 
Bartlett Glacier, and extending, according to the topographic map by 
the United States Geological Survey, from 4,300 feet to 1,200 feet in 
altitude. As outlined on the map, it is 134 miles long and has a maximum 
width of slightly over half a mile. 

Deadman Glacier feeds a small stream, which crosses the railroad 
tracks at Mile 49.9, just east of the loop “crossing” south of Tunnel. 
From this point, the terminus of the glacier cannot be seen, but it is 
visible from various other points on the railroad, near Mile 48. Its 
general outline is shown in figure 2 of Plate 7. It is reported that Dead- 
man Glacier receded as much as 200 feet in the 15 years prior to 1931.°* 


BARTLETT GLACIER 


Bartlett Glacier is the uppermost glacier tributary to the Placer River 
system. It is close to the line of the Alaskan Railroad at Mile 49, about 
a mile south and upstream from Tunnel station. 

On the Alaskan Railroad topographic map, based on mapping done in 
1911, it is shown as an independent ice tongue, without significant con- 
nection with the main snowfield of the Kenai Range. The upper portion, 
rising to about 5,000 feet, is an expanded system of feeder arms. The 
lower tongue of the glacier, the dissipator, is nearly 2 miles long and 
slightly over half a mile wide. It forms at an altitude of about 2,500 
feet, and at present ends at 760 feet, or about 100 feet higher than the 
adjacent axis of the Placer River valley, which is here steep, with a 
gradient of 200 feet per mile. 

Bartlett Glacier differs from several of the glaciers visited in that it 
now ends in a narrow tongue near the base of an abrupt steepening of 
the slope of its valley bottom. Much of this steeper portion of the valley 
floor is easily visible from the railroad. The glacial margin appears to 
be a fairly thin, somewhat constricted mass, now spilling over the center 
of the steeper part of the slope (Pl. 8). In 1931, the terminus of Bartlett 
Glacier consisted of a long, pointed snout. The lower portion, and much 
of the southern and southwestern margin, are covered by moraine, partly 
exposed by ablation and partly derived from a medial moraine, which 
moves down the southern side of the glacier. Owing, perhaps, to more 


8° G. W. Colwell: personal communication. 
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rapid ice movement, the chief medial moraine of the northern side is 
only slightly expanded as it moves toward the end of the glacier (Fig. 7). 

At the time of the writers’ visit, the chief drainage from the north 
side of the glacier issued from beneath the ice front, at an altitude of 
about 820 feet. This outlet was reported as new, having been developed 
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Ficure 7—Sketch map of lower portion of Bartlett Glacier 


Constructed by phototopographic triangulation from two camera stations. Station A is on the 
railroad track at the east end of the Grandview trestle, approximately at Mile 48.5. It has a 
bearing S 53° W from the south end of the snow shed at Mile 49.6. Station B is on a high ridge 
of the southern lateral moraine and has a bearing S 8° E of the railroad cross-over near Mile 50, 
all bearings being magnetic. Altitudes of the stations are considered to be 733 and 944 feet, 
respectively. Patterns show ice, bedrock, and generalized drift. 


within the month, the usual outlet being farther north, through a lateral 
gorge cut in bed rock. This change may prove to be more or less per- 
manent, an expression of reduced ice thickness and ice pressure near the 
upper end of the lateral gorge. 

No great amount of information was obtained concerning previous 
positions of the glacial front, despite its proximity to the railroad. G. W. 
Colwell pointed out piers that still mark a railroad layout that was 
abandoned in 1906 as being too close to the ice. Apparently, from 1906 
to 1911, the ice receded markedly and reached a position not far from 
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that of 1931.4° By 1916 the glacier had again advanced nearly to its 
1906 position, having advanced across the more remote parts of the 
stream flat shown in Plate 8. Since 1916, the gross recession is estimated 
at 300 feet, or about 20 feet per year (Fig. 7). The writers estimate 
that, in 1906, the front of the glacier occupied a position three or four 
hundred feet nearer the railroad than in 1931. 

In late Pleistocene time, Bartlett Glacier undoubtedly filled its valley 
to a much greater depth than now, and, joined by other ice tongues, 
including that of Deadman Glacier, moved down the Placer River valley, 
past Tunnel, and beyond the present site of Spencer Glacier. The widen- 
ing of the Placer River valley upstream from Mile 52 suggests the possi- 
bility that Bartlett Glacier’s ice front may have stood for a long period 
at a point near the head of the present post-glacial gorge below Tunnel. 

Swinging westward and then northward from the southern margin of 
Bartlett Glacier is a massive morainic system, from whose summit the 
photograph reproduced as Plate 8 was taken. The inner slopes of this 
moraine can be seen to the right and the extreme left. A moraine of 
this magnitude could only have been built by a glacier, 300 or 400 feet 
higher than at present, moving for some distance down the valley, per- 
haps during the later stages of Pleistocene activity. On the other hand, 
the immature vegetal cover, mostly alders, on the inner slope of this 
morainic barrier shows that it has recently been partially covered by ice. 
Clearly an extension of ice, by at least 500 to 1,000 feet, must have taken 
place not more than 100 to 200 years ago. 


TRAIL GLACIER 


Little has been written about Trail Glacier, although it is clearly 
visible and readily reached from the Alaska Railroad. It is shown on 
the Alaska Railroad map, southern third, to be more than four miles in 
length and about 3,000 feet wide. The maps show Trail Glacier as being 
fed from the main snowfield of the Kenai Range, incomplete mapping 
carrying the ice tongue up to about 3,000 feet. 

It now ends at an altitude of 1,080 feet, at the head of a long fan of 
outwash material, which merges with the valley flat of Trail Creek. It 
has a nearly symmetrical, gently sloping, and only very slightly ex- 
panded bulb, crevassed in a few places. A compound medial moraine 
extends along the northern side of its axial line, expanding in typical 
fashion toward the end. Just below the end of the glacier, the valley 
is slightly constricted by low rock projections from the valley walls. 

The gently sloping frontal lobe of Trail Glacier shows marked results 


40 Bartlett Glacier was reported as inactive and retreating slightly in 1911 [H. F. Reid: The 
variations of glaciers, Jour. Geol., vol. 21 (1913) p. 425]. 


» 


904. c. K. WENTWORTH, L. L. RAY—ALASKAN GLACIERS IN 1931 


Magnetic 7957 


1700 


7800 


Ficure 8—Sketch map of Trail Glacier 

Based on phototopographic triangulation from two camera stations. Station A was on top of the 
largest rounded roche moutonnée on the north valley wall, barometer altitude of 1150 feet. Marked 
by a faint cross on a 4-foot, angular slab. Two large, 8-foot boulders stand 50 feet back and 10 feet 
higher. This station has a bearing N 13° E from lower end of stream on southern valley wall. 
Station B has a bearing S 31.5° W from Station IJ and N 1.5° E from western bend in the same 
stream on southern valley wall. 


of ablation, and the three medial moraines, which can be seen some dis- 
tance inland on the northern side of the glacier, are expanded and merged 
at the terminus. Of the three moraines, the northernmost comes from 
the first north tributary, the center one from talus slides, and the third 
from a spur against which the main glacier is cutting. 

Ice-carved surfaces extend far up the valley side, beyond the marks 
of ice work of the past one or two centuries. Numerous large roches 
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moutonnées mark the valley for two or three miles below the glacier, 
and the central portion of the valley bottom is free of spruce forest for 
a similar distance, indicating a marked extension within the past two 
or three hundred years. 

A morainic belt extends across the valley, about 4,000 feet from the 
present ice front, and has been cut by the glacial drainage stream. 
Upstream from this moraine, vegetation of a few years growth is scat- 
tered in the valley bottom from which the ice appears to have retreated 
within the past 30 or 40 years. The Alaska Railroad map * indicates 
that Trail Glacier extended somewhat more than 4,000 feet farther down 
the valley in 1911 than it did in 1931, its end reaching below the 
altitude of 1,000 feet, as compared to 1,080 feet in 1931. Whether the 
maximum advance to the moraine, now seen, took place in 1911 or in the 
previous decade is not known. 

Since 1911, as far as data at hand indicate, there has been continued 
retreat, at a rate which may have been as great as 200 feet per year, 
according to the United States Geological Survey map. 


BEAR LAKE GLACIER 


Bear Lake Glacier lies in a small valley, tributary to that of Salmon 
Creek, from the east, about eight miles northeast of Seward. Its terminus 
is at an altitude of slightly more than 1,200 feet, in approximately 
latitude 60°51’ north and longitude 149°18’ west. No earlier reference 
to the glacier is known. The following description is based on a single 
day’s visit, when it was only possible to reach two points, somewhat 
above and northwest of the terminus, from which panoramic photographs 
were made. The writers were not able to set foot on the ice nor to 
examine marginal features in detail. 

The glacier occupies a curved, U-shaped valley, hanging about 1,000 
feet higher than the main valley of Salmon Creek. The map is based 
on photographs taken from two points on the valley wall (PI. 9, fig. 1). 
The higher of these points is where the steep wall of the present glaciated 
: valley cuts the rounded upland surface that forms the main flank of the 
range. 

At its lower end, Bear Lake Glacier is about 1,400 feet in width; a 
mile inland, it approaches a width of 2,600 feet. The lower end of the 
glacier, at one point, reaches an altitude below 1,250 feet. Its total 
| length is not known, but, from the general configuration of the Kenai 
Range at that point, it may be five or six miles. The phototopographic 


*1 According to a letter from W. C. Mendenhall, U. 8. Geological Survey, dated March 21, 1933, 
the field mapping in this area was done in 1911. 
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triangulation, on which the map of Figure 9 is based, was calculated 
on a single barometric traverse from. the railroad station. 

An interesting feature of this ice tongue is the nearly symmetrical, 
bifurcate lower end, as shown in map and photograph. There is a rather 
broad central roche moutonnée in the valley floor, where it joins the over- 
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Ficure 9—Map of Bear Lake Glacier 


Phototopographically constructed from two panoramic series of pictures taken on a 10-by-15- 
centimeter filmpack. ‘Triangulation satisfactory because of high elevation of both camera stations 
above the glacier. Scale, based on vertical interval of 550 feet between the two barometer readings, 
may be in error by five per cent. Station A is 1700 feet S 65° W of the saddle in the central roche 
moutonnée; Station B is 1610 feet N 80° W of the same point, at barometric altitudes of 1270 
and 1820 feet, respectively. Bearings are magnetic. 


deepened main valley of Salmon Creek. On both sides are low depres- 
sions, through which the water of two ice-fed streams and the two 
pointed ice tongues of the glacier pass. This tendency toward the for- 
mation of central hummocks in glacial valleys is due, in part, to the 
inhibition of central water channels through pressure of the ice and is, 
apparently, aided by the process of lateral gorge cutting. 

Certain features, as seen from the two camera stations, indicate a 
greater extension of the ice. The U-shaped profile of the lower valley 
and the precipitous north wall indicate former glaciation, probably 
during late Pleistocene, of far greater magnitude than at present. It 
is possible, though not definitely determined, that the basin of Bear 
Lake was formed, in part, by morainic materials deposited by the glacier. 
A number of minor spurs, extending down from the valley walls, have been 
trimmed by a glacier tongue, perhaps 200 feet thicker and higher than at 
present. On the south side of the valley are a number of lateral moraines, 
the higher of which rises about 150 feet above the present ice margin. 
These two features probably indicate the same stage. 
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A central portion of the roche moutonnée, in the foreground of figure 1 
of Plate 9, and a tongue extending downward on the southerly side are 
marked by a much sparser growth of younger vegetation than the rest. 
Movement of the ice over this rise would call for an additional thickness 
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Ficure 10—Jndex map of Prince William Sound region 
Showing location of glacier studied. 


of 150 or 200 feet. From the appearance of the vegetation, in comparison 
with vegetation examined more closely elsewhere, it is estimated that 
the last advance of ice over this roche moutonnée probably took place 
about 20 to 25 years ago. 


PRINCE WILLIAM SOUND AND COPPER RIVER REGIONS 
GENERAL STATEMENT 


Prince William Sound is a nearly land-locked bight in the south coast 
of Alaska (Fig. 10). East and northeast of the southern entrance to the 
Sound, the Copper River glaciers form a well-defined group, covering an 
area 50 miles in diameter, mainly west of the river. These glaciers have 
been known since 1850, when Grewingk ascended the river.*? Additional 


42C. Grewingk: Beitrag zur Kenntniss der Orographischen und G tisch Beschaffenheit der 
Nordwest-Kiiste Amerikas mit den Anliegenden Inseln, Verhandl. Russ. Kaiserl. Mineral. Gesell. zu 


St. Petersburg, 1848 und 1849. 
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information was published in the reports of Allen ** and Abercrombie,“ 
and a detailed report of this region was published in 1914 by Tarr and 
Martin.*® The glaciers rise in the Chugach Mountains at altitudes of 
5,000 to 10,000 feet. Little is known, even today, of the exact topography 
or the glacial outlines of their region of accumulation, and, with the 
exception of certain maps of small areas by Tarr and Martin, no adequate 
topographic maps are available. The principal glaciers in the group 
are Allen, Childs, Grinnell, Sheridan, and Sherman, on the west side 
of the Copper River, and the single important ice tongue of Miles Glacier 
on the east side, nearly opposite Childs Glacier. 

The Copper River has maintained its course across the Chugach Range. 
It drains a. large part of the slopes of the Wrangell Mountains, as well 
as of both slopes of the Chugach Range. Throughout its long and cir- 
cuitous course, it is fed by glacial streams, and has built an enormous 
delta, its various distributary mouths being seen along the coast for more 
than 50 miles southeast of Cordova.*® 

Between Cordova and Valdez Arm is a stretch of some 40 miles of 
the Chugach Range, on the seaward slope of which are a few small 
glaciers. Valdez Arm receives the drainage of Valdez, Camicia and 
several smaller, unnamed glaciers. Westward, the mountains bordering 
the northern and western shores of Prince William Sound are deeply 
indented by fiords and support numerous glaciers, many of which are 
tidal. These have been described at various times by Gilbert, Tarr and 
Martin, Grant and Higgins, and W. O. Field.*7 The southern end of 
this field of glaciers merges, over the summit of the Kenai Range, with 
glaciers that move west toward the Alaskan Railroad, from which they 
are readily accessible. 


VALDEZ GLACIER 


Valdez Glacier rises in the Chugach Mountains, north of the eastern 
end of Port Valdez and the town of Valdez (Fig. 11). It is a through 
glacier, whose northern terminus is known as Klutena Glacier.“* Valdez 
Glacier moves from the summit ice-parting at 4,800 feet, about 18 miles 


#H. T. Allen: Report of military reconnaissance in Alaska in Narratives of Explorations in Alaska, 
Senate Rept. 1023, 56th Congr., Ist Sess., Washington (1900). 
“W. R. Abercrombie: Supplementary expedition into the Copper River valley, Alaska, 1884, 
in Narratives of Explorations in Alaska, Senate Rept. 1023, 56th Congr., 1st Sess., Washington (1900). 
“| R. 8. Tarr and Lawrence Martin: Alaskan glacier studies, Nat. Geog. Soc. (1914). 
“6A. H. Brooks: Geography and geology of Alaska, U. 8S. Geol. Surv., Prof. Pap. 45 (1906) p. 56. 
‘7G. K. Gilbert: Harriman Alaska expedition, vol. 8, Glaciers and glaciation (1904) p. 71-97. 
R. S. Tarr and Lawrence Martin: op. cit., p. 257-369. 
U. 8. Grant and D. F. Higgins: Coastal glaciers of Prince William Sound and Kenai Peninsula, 
U. 8. Geol. Surv., Bull. 526 (1913) p. 18-52. 
W. O. Field: The glaciers of the northern part of Prince William Sound, Alaska, Geog. Rev., 
vol. 22 (1932) p. 361-388. 
48 R. S. Tarr and Lawrence Martin: op cit., p. 238. 
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Figure 11—Sketch map of the Port Valdez vicinity 
Showing the general location of Valdez and other glaciers. 
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in a southerly direction to its terminus at an altitude of about 250 feet. 
Formerly, it was an important route of travel into the interior. 

The lower end of Valdez Glacier lies in a valley, ranging from a mile 
to a mile and a half in width, flanked by mountains, rising from 5,000 
to 7,000 feet. On the mountainsides are several, small, cliff-glaciers, a 
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Ficure 12—Map of the frontal portion of Valdez Glacier 


Based on phototopographic triangulation. Station A is at the summit of the highest rock hill, 
which stands about 1000 feet west of the eastern valley wall. Station B, at the bank of the existing 
drainage channel and with a bearing S 62.5° W of Station A, was only 14 feet above the adjacent 
stream and has probably been cut away by stream erosion. 


fraction of a square mile in extent, and one, active, tributary, which 
enters from the east, about six miles inland from the end of Valdez 
Glacier. Another small glacier, Camicia, formerly a tributary but now 
ending a short distance from the eastern Valdez margin, 114 miles inland 
from the terminus, has been the subject of considerable observation 
(Fig. 11). These features are well shown on the topographic map of 
Valdez and vicinity, published by the United States Geological Survey 
as Alaska Sheet 602F. 

Valdez Glacier is, in general, marked by a smooth surface, only slightly 
broken by crevassing. It has two and, in places, three medial moraines. 
About a mile from the ice front, the glacier turns somewhat sharply to 
the west (right), and at the terminus spreads to a width, twenty per cent 
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greater than that of the lower two miles (Fig. 12). The end of Valdez 
Glacier is low and is readily accessible from the adjacent valley train. 

Evidence of the reduced activity of Valdez Glacier is abundant. On 
both sides of the glacier, about half a mile inland from the 1931 terminus, 
are rounded spurs, forming a gateway or constriction. These, in profile, 
show a break in slope and a line to which the spruce forest has been 
trimmed, about 300 feet higher than the present ice margin. A similar 
zone, bare of spruce forest, extends for some distance inland. On the east 
side of the glacier, at the valley of the now-separate Camicia Glacier, 
the Valdez ice spreads into the depression; parts of it have become 
stagnant and show an increasing débris cover, due to ablation. This 
part of the ice is broken into alternate ridges and deep furrows, appar- 
ently, in part, due to slumping. The ice is further attacked by water 
of the lake, which is said to form each spring in the depression between 
the two glaciers. 

Belts of moraine-covered ice are conspicuous on the glacial surface, 
throughout the lower several miles of the glacier traversed by the writers. 
The chief moraine-covered belt rises about 150 feet above the clear ice, 
yet, so far as could be observed, the average thickness of the débris cover 
is not over 6 to 12 inches. The débris, mostly angular, is derived from 
spurs and talus slides on to the upper ice. In places where the moraine 
is compound, the several lines of débris have elevations appropriate to 
their continuity and width, resulting in a longitudinal terracing of the 
glacier. 

About five miles inland from the Camicia Glacier valley, another 
relatively feeble tributary glacier joins the main ice tongue from the 
same direction (Fig. 11). It occupies only a small part of the width 
of its valley, and its ice, though pressing against the side of Valdez 
Glacier and partially supporting it, does not appear to merge, to any 
great extent, with the main ice stream, and the surface shows a pro- 
nounced saddle at the point of junction with Valdez. On both sides 
of the junction, the margin of Valdez Glacier shows spreading and col- 
lapse due to lack of support; at the north, or inland, side is a great 
pit, filled with stranded ice blocks, evidence of an intermittent lake, 
similar to that observed at the point where the valley of Camicia Glacier 
joins the valley of Valdez Glacier. 

Drainage from Valdez Glacier has become more integrated into one 
central stream than formerly. The level of outflow in 1981 was 15 
or 20 feet lower than the outwash train built about two decades earlier. 
The drainage in general follows a central trench, cut into these older 
outwash deposits. Marked ablation of the surface, and reduction of 
level, accompanied by reduction in the rate of delivery of débris, have 
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resulted in degrading action of the outlet stream.*® Lateral streams dis- 
charge into several marginal lakes along the glacier terminus, from which 
the outlet streams flow (Pl. 10). The western outlet stream was rela- 
tively feeble in 1931, only a small amount of water moving eastward 
through the marginal lake to join the main central outlet. 

A few patches of till or boulder clay remain near the margin of 
the glacier. The easternmost is about 300 feet long and 150 feet wide, 
and stands about thirty feet above the level of the present stream and 
fan. It is being cut by streams on all sides and may not long remain 
above stream level. Farther south is another, smaller remnant, and 
several to the west were not visited nor accurately located. These are 
all low; some are furrowed by former ice advance. No hill of moraine, 
75 to 100 feet high, such as Station C of Tarr and Martin, was identified. 
Probably this has been cut away by streams. 

The outwash-plain at the head of Port Valdez is roughly triangular in 
form. The northwestern side abuts abruptly on a steep mountain wall, 
which rises, in less than two miles, to peaks more than 5,000 feet in 
altitude. The southwestern side is the gently sloping shoreline at the 
head of the arm. The eastern side is less clearly marked and is broken 
by several, partially buried, rock spurs, which show an apparent struc- 
tural trend, approximating N 70° W. The drainage of the eastern part 
of the plain has, at various times, been subject to rearrangement with 
reference to these spurs; no attempt was made to map the exact lines 
of the 1931 pattern. One of these rock spurs, shown on the United States 
Geological Survey map, about half a mile from the glacial terminus, 
narrows the outwash-plain to less than a mile. Another line of rock 
spurs is represented by the large and small rock hills partially delineated 
by contours on the map (Fig. 12). In 1909 and 1910, or perhaps some- 
what earlier, the ice front pressed against this rock ridge so that drainage, 
crossing it in several places, built an extensive plain of coarse gravel. 
For some years, no drainage has passed over this ridge, and, in general, 
the drainage from the ice has been concentrated in a central stream, 
which seems to be fed principally from the east side. The area of active 
degradation is now a triangle, lying against the eastern half of the ice 
front and extending seaward through a gap, several hundred feet wide, 
cut about 15 feet deep into the outwash-plain of 1910. Thus, the out- 
wash-plain may be roughly divided into an older plain, corresponding 
to the advanced position of 1910, and a younger, and lower, plain, cut 
in more recent years. Transitional terraces, at intermediate levels, 


#L. L. Ray: Some minor features of valley glaciers and valley glaciation, Jour. Geol., vol. 43 
(1935) p. 304-307. 
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are found near the boundary, and overflow channels, kettles, and other 
features indicate successive drainage stages. 

A number of tree-ring counts were made in order to determine min- 
imum ice-free or water-free periods for various parts of the plain, south 
and east of the outlet stream. On the east side, the entire plain, within 
about half a mile of the glacier, appears not to have been swept by outlet 
streams for at least 25 years. Trees showing 15 to 20 annual rings are 
common, and some have 21, 22, 23, and 24 rings. Seaward from the 
end of the rock ridge, extends a strip of terrace, intermediate in altitude 
between the old, 25-year terrace on the east and the essentially modern 
terrace in the center. A part of the drainage at this intermediate level 
also went around the end of the rock spur and eastward across the 
high terrace. On the assumption that trees may take root within two 
or three years after abandonment of an area by outwash streams, this 
terrace and the channel, which has been broken across at the end of 
the rock ridge, may have been formed about 1910. Interesting studies 
of plant succession and vegetation marginal to the Alaskan glaciers 
have been reported by Cooper *° and Lutz." 

On the lee slopes of the rock spur nearest the glacier are numerous 
cottonwood trees, 20 to 40 years old, except within a hundred feet of 
the west end, where the oldest were not more than 15 years old. The 
alders on the same slope are, in general, 5 to 10 years younger, the cotton- 
woods seeming to be the more aggressive pioneers. On the evidence of 
more than 20 of the larger trees, showing a maximum age of 25 years, 
it does not appear that the ice can have passed over this ridge for at 
least 30 years. The form of the terraces behind the ridge, and their 
relation to it, indicate that the ice stood, for some time, nearly stationary 
against this ridge, probably at the same time building the terminal 
moraine from which L. 8. Camicia, of Valdez, took his measurements, 
as reported by Tarr and Martin, and on which Station C of Tarr and 
Martin was located.” 

At various points on the valley train between the village of Vaidez 
and the glacial terminus, there are evidences of a greater extension of 
the ice in fairly recent times, but no means has been found for close 
dating. A detailed study of the history of Valdez Glacier is to be found 
in Tarr and Martin’s “Alaskan Glacier Studies.” Their careful study 
has led to the conclusion that Valdez Glacier was not tidal in 1794, and 
that, between 1898 and 1909, the first period for which there is any 
definite record, there was little net change in the frontal position of the 


50 W. S. Cooper: A third expedition to Glacier Bay, Alaska, Ecology, vol. 12 (1931) p. 61-95. 

51H. J. Lutz: Observations on the invasion of newly formed glacial moraines by trees, Ecology, 
vol. 11 (1930) p. 562-567. 

52.R. S. Tarr and Lawrence Martin: Alaskan glacier studies, Nat. Geog. Soc. (1914) p. 237-249. 
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ice. Between 1909 and 1914, Reid reported a 200-foot recession of the 
ice.** Minor advances have been recorded,** but, the retreat is thought 
to have continued to 1931 (Fig. 12), with an average annual recession 
of about 56 feet across the front of the glacier. According to Field,** 
the rate of recession between 1911 and 1914 was about 14 feet annually, 
and from 1914 to 1931 was 73 feet annually. 

In 1931, there was clear evidence of recession, aside from the photo- 
graphic survey shown in Figure 12. The western margin has retreated 
several hundred yards from the position of 1909, as recorded ** in photo- 
graphs (Pl. 10). The same was true on the east side, where there had 
been extensive retreat from the rocky 420-foot hill, shown at the margin 
of the ice, on the United States Geological Survey map *’ of 1911, and on 
a sketch map of the National Geographic Expedition. Adjacent to the 
Valdez margin, a few small remnants of the recessional moraine appear 
to have been much reduced in size by the lateral cutting of the shifting 
outlet streams. In 1931, the chief outlet stream flowed from the eastern 
side of the glacier front, though minor, unmapped channels were present 
on the west. 

On both sides of the glacier, steep bare areas, below the line to which 
vegetation had been trimmed, indicate a thinning of the ice, by perhaps 
150 feet. The general slope of the frontal surface is about ten per cent, 
and at this slope a recession of nearly 1200 feet would correspond ap- 
proximately to a reduction of elevation at a given point of 120 feet. 

Though a general retreat of most of the ice front probably took place 
from 1898 to 1911, during this period the ice front probably maintained 
a nearly stationary position against the rock ridge on the eastern side, 
while its thickness was progressively reduced by ablation. This change 
in thickness apparently resulted in the successive abandonment of drain- 
age channels, through notches in the ridge, and in the cessation of build- 
ing of the high terrace. It later led to concentration of the outlet stream, 
back of the rock ridge, and the cutting of the intermediate terrace about 
1911. Subsequently, the ice margin retreated from contact with the rock 
ridge, and the still-lower, and younger, terraces were cut. From 1898 
to 1911, when the eastern margin was nearly stationary and the ice 
movement was greatly reduced, not only was the height of any possible 
outlet over the rock ridge reduced but so also was the supply of coarse 
débris, so that the aggradational stage of some years prior to about 1898 


8H. F. Reid: The variations in glaciers, Jour. Geol., vol. 23 (1914) p. 511-514. 
5% U. S. Grant and D. F. Higgins: Glaciers of the northern part of Prince William Sound, Am. 
Geog. Soc., Bull., vol. 42 (1910) p. 722-726. 
R. S. Tarr and Lawrence Martin: op. cit., p. 243. 
5 W. O. Field: op. cit., p. 377. 
6 R. S. Tarr and Lawrence Martin: op. cit., pl. XCIX. 
57 Valdez and Vicinity, 1/62500, Contour interval = 50 feet, edition of 1930. 
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gave way to the degradation of the nearby outwash-plain, which has 
apparently been in progress to the present time. 


CAMICIA GLACIER 


A small glacier, earlier tributary to Valdez Glacier on the east side, 
at a point about a mile inland from the present ice front, is shown as 
a separate glacier on the United States Geological Survey map of 1911 
and on the Tarr and Martin sketch map but asa tributary to Valdez 
glacier on the Schrader map of 1900. It was named for Dr. L. S. Camicia, 
of Valdez, a student of the local glaciers. As this glacier is plainly 
visible from the medial surface of Valdez Glacier, it is reasonable to 
suppose that the ice of Camicia Glacier was in contact with that of 
Valdez, as mapped by the expedition which passed inland by the Valdez 
route. However, it seems open to question, lacking record of critical 
observations in 1900 or earlier, whether Camicia Glacier was really con- 
tributing ice to the Valdez tongue at that time. It is not uncommon 
for a feeble tributary glacier to press against the ice of a larger glacier, 
helping to support the margin of the latter and preventing it from deploy- 
ing into the tributary valley, without actually merging with the ice stream 
to a significant extent. This is shown by a tributary glacier farther 
inland on the east side of Valdez, as already described. 

In 1909, Camicia Glacier was said to be three-eighths of a mile wide, 
though the United States Geological Survey map shows the lower mile 
as scarcely over 1000 feet wide at any point. The terminus seen in 1931, 
a low moraine-covered snout, extending steeply down to the general grade 
of the margin of the Valdez valley, appears, when compared with pho- 
tographs, to be much shorter than in 1909. In Plate XCVI of “Alaskan 
Glacier Studies,” the end of the moraine-covered ice of 1909 lies prac- 
tically at the apex of the triangular area containing the stranded ice 
blocks. In 1931, the moraine-covered ice ended practically at the next 
pair of rock spurs inland. No definite measure of this recession was 
obtained, but it appeared to be 1000 feet or more. 

In 1931, the writers saw an assemblage of ice blocks, similar to the 
stranded blocks, left in the depression between Camicia and Valdez 
glaciers in 1909, by draining of the lake. The surmise of Tarr and 
Martin, that such a lake is formed early each season and drained through 
a sub-glacial channel as melting becomes more active, appears to be 
correct. Similar fields of stranded ice blocks were also seen northeast 
of the junction of the tributary next inland. 


SHERMAN AND SHERIDAN GLACIERS 


The writers had time only to reach a point along the northwestern mar- 
gin of the line of forest-covered hills that extends inland from Mile 17, 
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from which the separation of Sheridan and Sherman glaciers could be 
distinctly seen. 

Sheridan Glacier lies about 15 miles east of Cordova. It ends in an 
expanded bulb, said by Tarr and Martin to be 4 miles long and 3 miles 
wide, reaching to within about 150 feet of sea level.®* It is described in 
considerable detail by these authors, who state that the expansion of the 
bulb took place prior to 1886, when Seton Karr visited the glacier, and 
that only very slight change (thinning by ablation) took place between 
1908 and 1911. In its upper course, Sheridan Glacier moves in a valley 
about a mile wide. The mountain ridge bounding it on the southeast, 
and separating it from the valley of Sherman Glacier, ends slightly over 
5 miles inland from Mile 17 on the railroad. Seaward from this spur, 
the glacier expands into the aforementioned bulb, somewhat more 
markedly on the southeast side, where, in former years, it was probably 
in contact with the ice of Sherman Glacier.*® 

Sherman Glacier is smaller than Sheridan. According to Tarr and Mar- 
tin, its main source is 3,200 feet above sea level, its length over seven 
miles, and its width 114 miles. It does not, at present, reach beyond the 
limits of the mountain valley. According to Tarr and Martin, the ex- 
panded bulb of Sheridan Glacier in 1910 completely overlapped the mouth 
of the Sherman Glacier valley, though earlier maps had indicated a join- 
ing of the two glaciers in a single piedmont ice bulb. 

The appearance of the southeastern margin of the Sheridan Glacier 
piedmont bulb in 1931 was, so far as could be judged, very much like that 
of 1910, except for rather marked thinning by ablation and the accompa- 
nying retreat of the edges. A rock hill along this margin, from which the 
ice has now somewhat retreated, is probably the rock knob, “east of the 
middle,” whose summit was just reached by the ice in 1911, as mentioned 
by Tarr and Martin. If this is correct, the ice is somewhat reduced by 
ablation but suffered only moderate marginal retreat, estimated as 300 to 
400 feet, in the 20 years since 1911. 

From the nearest point reached on the eastern valley wall, a prominent 
rock knob hides the place where the two glaciers might be expected to 
join. This is believed to be the hill that Tarr and Martin found to be 
rising “through the Sheridan ice in one portion of the margin.” © If so, 
a fairly pronounced recession is indicated for the portion of the bulb 
nearest Sherman Glacier. 

At several points along the eastern side of the outwash stream, at or 
near the foot of the line of forest-covered, rock hills, and opposite the 


%R. S. Tarr and Lawrence Martin: Alaskan glacier studies, Nat. Geog. Soc, (1914) p. 390. 
8 Op. cit., p. 391. 
© Ibid. 
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terminal part of the Sheridan bulb, there are elongate, stony, lateral 
moraines. Inland, toward Sherman Glacier, these are found closer to the 
cliff, but one soon passes their boundary. Probably they indicate a stage 
of ice expansion much earlier and more pronounced than that recorded by 
Seton Karr. 

A low, spruce-clad spur on the eastern margin of Sheridan Glacier 
carries vegetation seemingly older than that along most of the adjacent 
lateral moraine. It is doubtful if this forest cover could have been de- 
veloped since 1911; probably, the end of this spur was ice free for some 
years prior to Tarr and Martin’s visit, and is another indication of only 
a moderate marginal retreat since 1911. 

The special purpose of the 1931 visit was to determine, as far as possible, 
the joining or the separation of Sheridan and Sherman glaciers. Tarr and 
Martin did not assert positively that the two glaciers might not be in 
contact for a short distance in 1910, though they recognized that Sherman 
Glacier was not tributary to the Sheridan bulb. Encountering similar 
difficulties of access and visibility in 1931, but favored by more marked 
recession of the margins, the writers were able to see distinctly that the 
ice front of Sherman did not reach the Sheridan margin by a distance of 
several hundred yards. From this point, the tip of a northeastern lobe 
of the Sheridan bulb is just visible above the profile of the rock hill be- 
hind which it passes, immediately below the western tip of Sherman 
Glacier (Fig. 13). Close examination of the ground between the two 
margins might yield significant evidence of the condition of 1910. 

Knowledge of fluctuations of Sheridan and Sherman glaciers can be 
briefly summarized as follows: Prior to 1886, perhaps at a much earlier 
date, the Sheridan piedmont bulb, probably also fed by the Sherman ice 
tongue, reached the foot of the line of hills on the east and extended con- 
siderably farther seaward than it did in 1886. In that year, the ice of 
the bulb was still at a maximum position, which had apparently not been 
exceeded for at least a score of years, possibly a century. At that time, 
the ice of Sherman Glacier may have been in contact with the Sheridan 
ice over a long line of common boundary, but it is impossible to say 
whether the former was, even then, properly to be regarded as a tributary. 
Since 1886, there has been slow thinning by ablation and slow retreat of 
the margins of both glaciers.** For some years previous to 1931, though 
not positively from as early as 1910, the two glaciers have been definitely 
separated, the distance in 1931 being estimated roughly as at least 500 
yards. 


61H. J. Lutz: Observations on the invasion of newly formed glacial moraines by trees, Ecology, 
vol. 11 (1930) p. 562. 
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GRINNELL GLACIER 

Grinnell Glacier is a small ice tongue, which has its source in the 
Chugach Mountains, and approaches the Copper River and Northwestern 
Railroad from the west at Mile 52. It rises at altitudes of 5,000 or 6,000 
feet, but it is not clear from existing maps whether it is an independent or 


Ficure 13.—Relation of Sherman and Sheridan glaciers 


As seen from summit of tree on spur slope, September -2, 1931. The end of Sherman Glacier is 
distinctly visible and, below it, an extensive outwash-plain, covering the full width of the valley. 
The extreme tip of an eastern tongue of Sheridan glacier is visible, to the east, and right, of the 
rock hill. Sketched from photograph. 


a through glacier with Allen Glacier to the north and Childs Glacier to 
the south. Tarr and Martin said it was at least four miles in length and 
over three fourths of a mile wide, and those authors gave many additional 
details from their own studies and observations by earlier travelers. 
At the time of their visit (1909-1911), the lower portion of Grinnell 
Glacier was heavily covered by ablation moraine and forest growth and 
extended to the bank of the Copper River, at the lower end of Abercrombie 
Rapids. The railroad then ran on the débris-covered ice for nearly a 
quarter of a mile. In 1931, the writers found large areas of forested 
moraine still underlain by ice and still subject to slumping, landslides, 
and the uprooting of trees through continued melting of the underlying 
ice. In many places, the débris cover supporting a thick growth of trees, 


62 R. 8. Tarr and Lawrence Martin: op. cit., p. 434-478. 
® Op. cit., p. 434. 
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Fiagure 14.—Sketch map of Grinnell Glacier 


Redrawn largely from 1910 map of Tarr and Martin. The 1931 outline of active ice is based on 
phototopographic triangulation. 


8 to 10 inches in diameter, was not over one or two feet thick, as exposed 
at the margins of great kettles produced by the slumping. 

Inland from the two moraine-and-forest-covered ice masses, there was 
in 1911, as in 1931, a bifurcated clear ice tongue, which splits over a 
protuberance in the rock of the steeply sloping valley floor, just inland 
from the valley train. These two tongues of clear ice are the active ter- 
minus of the glacier today, as they were 20 years ago. Though Tarr and 
Martin were explicit that there was probably continuous ice beneath the 
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valley train and the moraine-covered hills extending eastward from both 
the north and the south tongues, they did not present evidence to show 
that, even in 1911, there was actual glacial movement in these hidden 
portions. The present writers, therefore, map the glacial terminus as 
shown in Figure 14. Whether the clear and active ice is now anywhere 
in contact with the stagnant ice is not apparent, but this is of little sig- 
nificance as far as the fluctuations of the present glacier are concerned. 
Stagnant ice masses placed by Grinnell and Miles glaciers in times of 
greater activity should be considered as outlier ice remnants; they should 
be studied from the aspect of their melting, but should not be regarded 
as significant parts of the modern glaciers. 

The appearance of Grinnell Glacier in 1931 is shown in Plate 2, figure 1. 
This photograph was taken from a station nearly identical with Tarr and 
Martin’s station O. 

Comparison of this picture with Tarr and Martin’s Plate CLXIX shows 
a marked reduction of the two cascading ice tongues and a widening of the 
exposed, barren area between them. The compact patch of vegetation 
in the central area, as shown in Plate 2, figure 1, has an outline similar to 
that of the entire exposed area of 1910, suggesting that this vegetation 
is essentially that which appears to be getting a foothold in thin patches 
rear the ice of 1910. Very little vegetation has taken root in the larger, 
surrounding area exposed in 1931. 

In addition to the recession of the glacial margin in the vicinity of the 
central bare area since 1911, both the northern and the southern ice tongues 
are shorter, and the former is much thinner in its terminal portion than in 
1911. Thinning and recession of the southern tongue has produced an 
additional barren spot, which can be seen to the right of the innermost 
lateral moraine in figure 1 of Plate 2. The lower parts of both the south- 
ern and the northern ice tongues are covered with moraine, that of the 
latter being chiefly ablation moraine (PI. 7, fig. 1). 

Because of the difficulty of classifying an ice front as active or inactive, 
estimates of recession are crude. The active part of the north tongue has, 
according to the writers’ survey, retreated 800 feet between 1910 and 1931. 
The active part of the south tongue lies 300 feet inland from the tip of 
the stagnant south tongue as mapped by Tarr and Martin, but has receded 
laterally, and around the bare spot, by 200 to 600 feet (Fig. 14). Evi- 
dently, there has been marked reduction in the vigor of glacial movement 
in the 20 years since 1911. 

Except for the glacially carved valley walls high above the level of 
present ice, no indications of earlier glacial stages were seen during the 
single day spent at Grinnell Glacier. As has been previously pointed out,®* 


6 R. S. Tarr and Lawrence Martin: Alaskan glacier studies, Nat. Geog. Soc. (1914) p. 437. 
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conspicuous lateral moraines on the two sides of the valley indicate a 
glacier several hundred feet thicker than the present one and presumably 
extending farther into the valley of Copper River than do the present ice 
remnants. It is not known whether or not at this stage there was a trunk 
glacier moving down the main valley. Subsequently, there was recession 
to the stage at which the ice masses, now buried under moraine and forest, 
were placed. This was estimated by Tarr and Martin as occurring shortly 
prior to 1892, although the time is not accurately known. 

Since 1892, there has been a general recession, as shown by the stagnation 
of the longer ice tongues, but slight advances of the cascading and active 
part, as shown by photographs taken between 1900 and 1907, and 1909 
and 1911.° Between 1911 and 1931, there was a general retreat of the 
active portion of the glacier and continued reduction and melting of the 
stagnant ice, though this proceeds so slowly that ice will remain for many 
years. No data are at hand by which possible minor advances during this 
period can be dated. 

ALLEN GLACIER 

Allen Glacier is on the west side of the Copper River, about 11 miles 
north of Childs Glacier, its southernmost corner lying directly across the 
river from the northern tip of the stagnant portion of Miles Glacier. It 
was earlier known as Baird Glacier but, as there are three other Baird 
glaciers in Alaska, the name Allen has been proposed and approved by 
the United States Geographic Board. 

Allen Glacier rises in unexplored snowfields west of the Copper River 
and is thought to have a length of at least 15 or 20 miles. It is about 
134 miles wide in its lower valley portion, where the ice surface stands 
at 1,000 feet above sea level, and shortly below this point expands into a 
typical piedmont bulb, more than 5 miles wide, about 3 miles long, and 
only about 200 feet above sea level (Fig. 15). At the eastern point of the 
bulb, the Copper River is forced against the opposite rock wall of the 
valley, forming a rapids in what is called Baird Canyon. 

Through the courtesy of the maintenance crew at Mile 52 of the Copper 
River and Northwestern Railway, the writers were enabled to spend one 
day at Allen Glacier and make brief observations on the condition of a 
limited portion of the ice margin. An effort to determine the present 
margin of the active ice by phototopographic means gave meagre results, 
for the great expanded bulb has a margin so convex, so difficult to traverse 
in the short time available, and the accessible camera stations on parts 
of the recently abandoned moraine were so low that only a small part of 
the ice margin was seen. 


Ibid. 
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The Allen Glacier bulb is expanded on a plain, ranging in altitude be- 
tween 200 and 300 feet. On the 1910 map, the altitude of the ice, where 


it emerges from the rock-walled valley, is about 700 or 800 feet. The ice 
is, therefore, probably at least 500 feet thick, and, if allowance is made 
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Ficurs 15.—Sketch map of Allen Glacier terminal bulb 


Redrawn from Tarr and Martin. The supposed general distinction between active and recently 
active ice and long-stagnant, moraine-covered ice, respectively, is indicated by the light and dark 
glacier patterns, though no boundaries were determined and no data are at hand for the larger 
part of the stagnant ice area. There is added an ice margin in the nort}cast portion for 1913, 
based on a map furnished by R. J. Story, and partial ice margins and drainage channels seen in 
1931. The latter are based on camera station studies at the positions marked A and B, September 7, 
1931. 


for scouring below the level of the adjacent outwash-plain, the thickness 
is somewhat greater. Over much of the area of the bulb, the ice is probably 
not over 200 feet thick. In 1910, much of the southern and eastern parts 
of the bulb were covered by forest-covered moraine; presumably, the 
vegetation has advanced somewhat since then. The most active ice at 
that time was in the northeast sector, although there did not then seem 
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to be actual movement at the margin of the bulb.** According to Tarr 
and Martin, the ice, added to the bulb by movement down the valley 
portion, was being dissipated by crumpling and vertical ablation on the 
surface. 

Actual forward movement of the ice margin amounting to half a mile * 
on the north side, was reported as taking place in 1912. A map showing 
the 1913, 1914, and 1915 margins indicates that this advance resulted in 
a re-occupation of the area of lakes and interior flat shown on the 1910 
map between the ice and the terminal moraine of this sector.** That it 
did not pass over this moraine is suggested by the well-established growth 
of vegetation on the summit and parts of the outer slope. The bare inner 
slope appears to have been abandoned by the ice within the past ten to 
fifteen years, and the present ice margin has apparently receded some- 
what farther back than that of 1910, though it has not proved practicable 
to attempt complete delineation on a map. 

Evidence of ice movement was very much less in 1931 than in 1910. 
Moreover, where, in 1910, the ice was practically in contact with small 
recessional moraine ridges or was flanked by narrow incipient marginal 
lakes having no marked effect on the ice, there were, in 1931, much 
broader lake flats, partially abandoned by water and made up of fine- 
grained lake silts, and long stretches of low ice cliffs, produced along the 
ice margin by melting action of the water. Apparently, a more marked 
stagnation had set in, and the area of active ice movement had been thrown 
back, perhaps several thousand feet, from the northeast margin of 1910, 
though the stagnant ice was still bare and the adjacent flats were not yet 
invaded by vegetation. 

For many years prior to 1931, the chief drainage from Allen Glacier had, 
according to all reports, reached the Copper River by way of the marginal 
lake at the northeast margin, the drainage stream passing under the 
railway between Miles 65 and 66. However, according to information 
furnished by R. J. Story, Assistant Engineer of the Railway, a new outlet 
was established in July, 1931, crossing the railroad about 5 miles farther 
downstream, at Mile 60.3. At that time, the northeast marginal lake 
was almost completely drained, and the former outlet at Mile 65.7 was 
abandoned. 

This circumstance explains the great exposure of silt-covered and sun- 
cracked flats in September of 1931 (Fig. 15). The manner by which 


For an interesting account of conditions of 1910 and the railroad built on the ice of the terminal 
ice bulb, see: Lawrence Martin: Un chemin de fer sur glacier dans l’Alaska, La Nature, vol. 41 
(1913) p. 404-407. 

@ R. S. Tarr and Lawrence Martin: op. cit., p. 445, footnote. 

*8 Blue print map, dated Nov. 18, 1915, furnished by R. J. Story, Copper River and Northwestern 
Railway. 
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the new outlet was established may have been superficial or it may have 
been in part sub-glacial. The course of the new stream is marked by out- 
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CHILDS GLACIER 


SCALE OF MILES 


Ficure 16.—Phototopographic map of Childs Glacier 
Showing position of ice front in 1931, as compared with that of 1910. Redrawn largely from the 
map of Tarr and Martin. Camera stations located at A and B on the gravel bank of the Copper 
River, at C on the southern end of the railroad bridge, and at D on the ice of the northern lobe 
(Fig. 17). 
standing examples of erosion and melting of the stagnant ice, and much 
slumping of the newly undermined moraine and forest cover. 


CHILDS GLACIER 


Childs Glacier is one of the best known and most carefully studied of the 
Alaskan glaciers. It descends from the high mountains west of the Copper 
River and ends at the river, about 100 feet above sea level. According to 
Tarr and Martin, the glacier is 10 or 12 miles in length and 1 to 2 miles 
in width above the terminal bulb. It is formed by the coalescing of ice 
from five large cirques (Fig. 16). 


© R. S. Tarr and Lawrence Martin: op. cit., p. 395. 
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Tarr and Martin give a detailed report on the history of this glacier 
from its first discovery to 1912. In general, they found that: 


“Omitting the imperfectly-known history of Childs Glacier at the time of the 
visits by the Russians, we know that it was engaged in what seems to be normal 
flowage from 1884 to 1909, interrupted by a slight increase in rate of movement 
in 1905-6. In 1909 this normal movement was interrupted by a marked increase 
in rate of flow but this did not assume great proportions until the summer of 1910. 
. . . The Childs Glacier began its unusual activity in 1909, was many times more 
active in 1910, slowed down by October, 1910, but continued a slight advance during 
the winter of 1910-1911. In June, 1911, the conditions seemed to be nearly normal 
again, though there was still some advance.” 


Observation in 1912 showed that there was still a slight forward move- 
ment at Childs Glacier, but it was so slight that it seemed as if “normal” 
conditions ™ were again established. 

Conditions found by the writers, September 3 to 11, 1931, indicate that 
the glacier has been retreating since about 1912, when Tarr and Martin’s 
last observations were made. In 1931 there was a narrow bar in front of 
the central and northern portions of the ice front. This cannot be taken 
as a sign of great retreat, for at previous periods of low water, a bar has 
extended across the front of the glacier. Undermined and broken by 
crevassing, the ice débris collapsed upon the bar and not into the river. 
Apparently, the advance of the central ice mass was just enough to counter- 
balance the undercutting of the front, by the river. The glacier front 
presents a concave outline, apparently slightly lower than in 1911, al- 
though it is still marked by high pinnacles, produced by crevassing and 
melting. 

Standing opposite the center of the glacier, one can see that both the 
northern and the southern extremities of the ice have become more or 
less stagnant, presenting rounded, relatively uncrevassed, débris-covered 
surfaces. From across the Copper River, the writers observed a small 
terminal moraine along the southern boundary of the ice, from which the 
glacier has retreated. 

The central, concave, deeply crevassed portion of the ice front was 
calving, although there were no very large falls during the writers’ visit. 
No ice reached the water of the river, to be carried off as bergs. There 
were no signs of large waves having been generated by ice falls, such as 
occur during glacial advance. 

Along the northern margin of the ice front, which, from 1909 to 1912, 
advanced rapidly, moving to within 1,571 feet of the railroad bridge over 
the Copper River,”* there apparently has been a continued recession since 


7R. S. Tarr and Lawrence Martin: op. cit., p. 411. 

Used by Tarr and Martin to mean conditions similar to those before the spectacular advance— 
a condition of slight annual recession. 

72R. S. Tarr and Lawrence Martin: Alaskan glacier studies, Nat. Geog. Soc. (1914) p. 409. 
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the maximum expansion of the ice. A small, but well-developed, terminal 
moraine resulted from this advance. Between the moraine and the wast- 
ing ice lies an area of ground moraine, upon which alders are now encroach- 
ing. Many trees still lie prostrate or partially overturned along the outer 
margin of the moraine. Counts of annual rings of a number of alders 
behind the moraine show that those in a belt, 20 feet behind the moraine, 
had an average age of 10 years. Apparently, the very first effective 
rootings took place about five to seven years after 1912, and general growth 
started about 1920 or 1921. At a distance of approximately 240 feet be- 
hind the moraine, the alders had an average age of five years. Nearer the 
glacier a zone of alders, one to three years old, is separated from the actual 
moraine-covered ice, in which there is probably a slight movement, by a 
belt, 100 to 125 feet wide. In this belt, overlying stagnant ice, are hum- 
mocks of fairly dry moraine, on which were seen one or two tiny alders. 

The gentle slope of the glacier front in this region indicates a lack of 
rapid motion and a long period of reduction by melting. Almost all 
vestiges of crevassing have been removed, and the surface of the ice is 
covered with a thick mantle of débris (Pl. 11, fig. 1). There is an abrupt 
change from this relatively stagnant ice mass to the active, highly 
crevassed central ice mass (PI. 6, fig. 2). 

Along the northern margin, just beyond the confines of its valley, 
Childs Glacier has a steep ice cliff 150 feet or more in height. At the 
junction of the cliff and the valley wall an important subglacial stream 
emerges from beneath the ice. It feeds the lake to the north of the ice 
margin. Trees, drowned in the waters of the lake when this portion of 
the glacier advanced, are still standing. A delta, being built by the 
subglacial stream, is now rapidly filling the lake. 

Photographs of the glacier show that the general configuration of the 
ice has changed considerably since its maximum expansion. According 
to the map (Fig. 16), the glacier has retreated approximately 500 feet in 
the central portion since about 1912 and about 650 feet along the north- 
ern margin, where the ice is melting in situ. This recession has apparently 
been continuous, except for possible minor advances, too small to have 
left a record of their occurrence. 

Tarr and Martin discussed at some length the great terminal moraine 
that outlines the former greatly expanded terminal bulb of Childs 
Glacier.”* It offers definite proof that there has been at least one period 
of intensive glacial activity since the time of greatest Pleistocene glacia- 
tion, when there was a single glacier following the valley of the Copper 
River, to which Childs, Miles, and other large glaciers were tributaries. 


73 Op. cit., p. 412-413. 


oe 
x 
LN 
7 
3 


PRINCE WILLIAM SOUND AND COPPER RIVER REGIONS 927 


MILES GLACIER 

East, and slightly north, of Childs Glacier, Miles Glacier enters the 
Copper River valley, moving westward from its source in the unexplored 
ice fields of the Chugach Mountains (Fig. 10). The glacier was studied 
only from a distance, for the writers were unable to cross the Copper 
River to reach the northern ice bulb, and recession has carried the south- 
ern margin of the glacier within the confining valley wall, so that it is 


Fiaure 17—WNorthern side of Childs Glacier 


Panorama, showing terminal moraine of 1909-1912, and débris-covered ice of Childs Glacier 
(foreground). Triangular area between moraine, glacier ice, and river is low, soggy ground moraine, 
partially covered by lakes and drainage streams. Miles Glacier (background) across Miles Lake. 
Lake formed during the advance of this portion of the glacier (right). Remnants of drowned forest 
are visible in, and around, the borders of the lake. September 10, 1931. 


now impracticable to follow the edge of Miles Lake to the ice. The 
waters of the lake now wash the almost-perpendicular face of the eastern 
wall of the Copper River valley, south of the Miles Glacier valley. 

Tarr and Martin studied and mapped the lower 15 miles of this glacier, 
estimating its length to be as much as 40 or 50 miles. Their studies showed 
that it was 214 miles wide at the mouth of its valley, where it expanded 
into the bulb, 614 miles wide from the northern to the southern tip. The 
terminal bulb has forced the Copper River to the western side of its valley, 
which is from 3 to 4 miles wide at this point. 

According to Tarr and Martin,”® there was probably a marked retreat 
after the maximum expansion of Pleistocene time, when Miles Glacier 
was a tributary of the main Copper River Glacier. Miles Glacier may 
even have retreated into its own valley. However, before the first pub- 
lished observations, there was an advance of the ice into the Copper River 
valley, an advance taking place some time before 1840, and of such 
magnitude that the Copper River was forced along the western valley 
wall, where it is today. The first observers who left records, described a 
northern ice bulb similar to that seen today. In approximately 90 years, 


4 Op. cit., p. 414-415. 
7 Op. cit., p. 428-433. 


| 2 
4 
| 
, | 


928 oc. K. WENTWORTH, L. L. RAY—ALASKAN GLACIERS IN 1931 


there has been no radical change in the condition of this great body of 
stagnant ice. Until the advance that occurred sometime between 1885 
and 1888, the glacier had retreated only slightly from its advanced stage. 
Allen’s descriptions indicated that in 1885 it still filled the greater part 


MILES LAKE 


Ficure 18.—Phototopographic map of Miles Glacier 


Showing position of the ice front in 1931, as compared to that of 1910. Stagnant northern 
portion is thought to be generally unchanged in outline. Station (a) on large boulder between 
railroad tracks and the lake margin, three-eighths of a mile north of the bridge over the Copper 
River, and about 12 feet higher than the tracks. Station (b) on a high promontory along the 
southern shore of Miles Lake. Station (a) is approximately Station J of Tarr and Martin. 


of the lake basin found by Tarr and Martin. Between 1885 and 1888, 
there was an advance of the southern margin of the glacier, so that the 
ice stood within about 400 feet of the present site of the railroad bridge. 
From this position, the glacier retreated until, in the fall of 1908, another 
period of advance began. This advance, although mild, corresponds with 
the spasmodic advance of Childs Glacier shortly after. 

The writers observed Miles Glacier for several days, from September 
3 to 11, 1931. Observations, made along the railroad tracks opposite the 
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northern portion of the glacier, indicated that there has been little change 
in the general character of this stagnant, moraine-and-forest-clad ice 
bulb (Fig. 18). There has probably been a slight reduction in the height 
of the ice mass, but no measurements were made. Apparently, the river, 
where it rushes between the ice and the western valley wall, to form the 
Abercrombie Rapids, has made little progress in cutting into this stagnant 
ice bulb. The heavy débris mantle acts as an insulator, protecting the 
ice beneath; along the river bank, a concentration of boulders, derived 
from the melting ice and too large to be moved by the river, serve to pro- 
tect the ice. No evidence of crevassing or movement in this ice bulb was 
apparent from across the river. However, several large areas of melting 
ice, more or less circular in outline and shaped like inverted cones, were 
seen near the margin of the bulb. Into these, surface débris was sliding. 

A reconnaissance along the southern margin of Miles Lake showed that 
the shores of the lake have been somewhat modified since the making of 
the map by Lewis, Bean, and Williams in 1910.7* The isolated ice patch 
shown on that map, and mentioned by Tarr and Martin,” could not be 
found; it is thought to have entirely disappeared. 

Since the expansion of the glacier to form the ice bulb, only the southern 
margin has shown any fluctuations large enough to be mapped and re- 
corded photographically. The entire ice front bordering Miles Lake has 
suffered a retreat of more than two-thirds of a mile since the mapping 
was done by Tarr and Martin’s expedition in 1910. This recession has 
increased the size of Miles Lake by about 3 square miles. 

The southern margin of the ice front (Pl. 11, fig. 2) has retreated within 
the confines of the glacier’s valley walls. It is low and ablation-smoothed, 
showing a heavy mantle of surface débris and no important crevassing. 
The central portion of the glacier is deeply crevassed and carries only a 
small, thin medial moraine. Lateral moraines are unusually well de- 
veloped. The surface of the débris-covered ice at the extreme southern 
margin of the glacier slopes gently to the lake, there being no ice cliff 
along that section of the glacier terminus. 


GENERAL SUMMARY OF GLACIAL FLUCTUATIONS 


There are various inherent difficulties in determining the fluctuations of 
glaciers and in correlating these fluctuations with corresponding and 
causative climatic fluctuations. Most important is the varying lag with 
which positive or negative changes in the rate of snow accumulation are 
shown at the glacier front. Increase in the rate is shown more promptly 
than decrease, although the effect on any two glaciers is not the same. 


7 R. S. Tarr and Lawrence Martin: op. cit., colored map no. 9. 
7 Op. cit., p. 425, pl. CLXVII, A. 
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The effects of a given change in the snowfield may be shown by its various 
dependent glaciers, only after the lapse of five to fifty years. Under these 
conditions, no two glaciers, even though in close proximity, will show the 
same response to fluctuations in climatic factors. 

If yearly records, made on the same dates annually, were available for 
a period of 25 years or more, for one or more glaciers, one would be in a 
position to interpret more satisfactorily the more scattered records on 
other glaciers. But there are no such detailed records for any Alaskan 
glacier. Given a few scattered records of varying validity and covering 
irregular intervals, only the broadest tendencies can be established. When 
the several glaciers of a group are reported, in a given year, to be in an 
advanced or a receded position, it is unavoidable that the advance or 
retreat be dated by the year of the visit, though it is more likely that 
some of the group are several years past the maximum or minimum posi- 
tion of the ice front and others not yet attained that stage. Moreover, 
it is difficult to avoid trying to attribute the same history, with closely 
comparable dates to several glaciers of a group. 

With all these difficulties in mind, the writers present the following 
summary and outline of the findings of their study of glacial advance and 
retreat.”® On the whole, the trend of 1931 appears more definite than 
that of 1909 to 1912, when Tarr and Martin and Grant and Higgins were 
making their studies.” With the exception of Taku Glacier, all the 
glaciers visited are in retreat.*° In the case of Mendenhall, Spencer, 
Bartlett, Valdez, Childs, Miles, Grinnell, and Allen glaciers, access is so 
easy and observation, though unrecorded, so continuous by railroad offi- 
cials, local residents, and tourists, that the writers feel confident that no 
advance of as much as 50 feet and no halt in the retreat for more than 
perhaps a few months previous to their visit would have remained un- 
noticed. Although the other glaciers visited have certainly suffered net 
recession in the past twenty or thirty years, and support the general con- 
clusion, their precise behavior within the past five years is not so positively 


7 Tarr and Martin reported distinct differences in the glacial history of Yakutat Bay and Prince 
William Sound in the years just previous to 1912. The present studies have not been so extended 
in any region as to permit detailed interpretations of events prior to earlier studies of about 1910, 
or to differ significantly from reports presented by others. Since 1910 to 1915, very similar histories 
appear for the glaciers in several groups, although the Juneau group appears to have retreated more 
continuously since 1910 than have those farther west. 

7 In 1913, following study in 1906, 1908, and 1909, of various glaciers in the Prince William Sound 
and Kenai Peninsula regions, Grant and Higgins concluded that these glaciers did not give uniform 
evidence as to general retreat or general advance during the previous half century, and that the 
general balance between the two tendencies could not be accurately determined by data then in 
hand. [U. 8S. Grant and D. F. Higgins: Glaciers of the northern part of the Prince William Sound, 
Am. Geog. Soc., Bull., vol. 42 (1910) p. 722-726.) 

8 Of 59 glacial positions reported from the eastern Alps for 1931-1932, 56 showed recession and 3 
showed a stationary condition of the front. None showed advance. [Zeitschrift fiir Gletscherkunde, 
Band XXI (1933) p. 158-183.] 
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known. Taku has been advancing for over a quarter century, at such 
a rate (340 feet per annum) as rather to preclude the possibility of any 
intervening period of actual retreat; it may be regarded as definitely ex- 
ceptional. A few glaciers were advancing in 1931, but no Alaskan glacier, 
other than Taku, has maintained such rapid and general advance for the 
past quarter century, as far as known to the writers. 

Most of the glaciers studied have been known at least since 1900, some 
earlier, and some a few years later. Again, excepting Taku, there is clear 
evidence—in many instances, documentary—that all the glaciers were 
farther advanced about 1900 than they are at present, and that they have 
suffered a net recession throughout at least 30 years, and probably a much 
longer period. Since 1900, only one well-marked event punctuates the 
general retreat, that of either slight advance or fairly marked halting at 
one position, so as to form a conspicuous moraine, or a sharp line in the 
advance of vegetation. The date of this occurrence varies, in different 
glaciers, from 1906 to 1916. It is plausible to suppose that this positive 
pulsation in the several glaciers was due to the same fundamental cause, 
but this supposition is scarcely subject to proof.*t The most complete 
record of the advance is that of Childs Glacier, whose remarkable ac- 
tivity from 1910 to 1912 caused much anxiety for the safety of the great 
Copper River bridge. The 1913-1915 advance of Allen Glacier has also 
been accurately recorded by engineers of the Copper River and North- 
western Railway. According to local reports at Tunnel, the peak of ad- 
vance of Spencer and Bartlett glaciers probably came in 1916, though no 
actual mapping or measurements were executed, and possibly maximum 
advance may have come a year or two earlier or later. Both Herbert 
and Mendenhall glaciers left fairly well marked moraines at the position 
of the ice margin of about 1909, indication either of slight re-advance 
or of more sustained maintenance of one position than has occurred since 
that date. A somewhat similar appearance is shown at Valdez Glacier, 
and Grant has reported that a slight advance of Valdez took place between 
1905 and 1908. The exact time of this advance, and whether or not it 
affected the whole glacier front, are points in doubt. Also, between 1909 
and 1911, as shown by Camicia’s measurements, the net annual rate of 
retreat was only 18 feet, a condition of practical stability, and comparable 


Tarr and Martin [Alaskan glacier studies, Nat. Geog. Soc. (1914) p. 231] have interpreted some 
of the advances taking place between 1906 and 1910 as due to excess snow thrown down by earth 
shaking during the Yakutat Bay earthquake of 1899. Thes effects would normally be more pro- 
nounced in glaciers nearer Yakutat Bay and also more prompt in appearance. The marked advance, 
in the period from 1910 to 1915, of various Copper River glaciers may well be so explained. The 
somewhat later advance of Mendenhall, Herbert, and Valdez glaciers seems less clearly related to 
the Yakutat Bay earthquake, though such relationship is not impossible. The remarkable sustained 
advance of Taku cannot well be due to any such momentary event, through any set of conceived 
conditions, 
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to the moraine-building episode of Mendenhall and Herbert glaciers at 
almost the same time. Comparison of the 1909 margin as mapped by 
Tarr and Martin and the margin as mapped by the United States Geo- 
logical Survey in 1911 and 1912 also indicates the lack of decisive retreat 
between those years. 

Another common observation at the several glaciers is the sharp line, 
where re-advance of the glacier at the front and at the sides has invaded 
mature spruce forests and overthrown the trees. There is no evidence, 
however, that the ice remained long enough in such an advanced position 
to exert any effect on the vigor of the trees close to the margin, which were 
not overthrown. Existence of this sharp line is the chief evidence that 
at least once since Pleistocene time most of the glaciers retreated to posi- 
tions probably inland from their present margins, permitting the advance 
of vegetation and the growth of mature spruce forests during perhaps 300 
years, in positions not over 200 or 300 feet from the 1931 margin of the 
ice. Future exposures of overridden and buried forests may show that 
recession of far more marked character has taken place, but with present 
knowledge, one can carry the inference no further. 

On imperfect evidence, it is assumed that the advance of the glaciers 
that trimmed the spruce forest was the same as that which was noted by 
various early explorers, and that it may, in general, have occurred some 
50 to 200 years ago.*? Prior to this advance was the inferred recession, 
and, prior to that, the advanced position of late Pleistocene time. The 
following events are general in the post-Pleistocene glaciation of Alaska: 


1. Great extension of glaciers in late Pleistocene time. Merging of many, now 
separate, glaciers to form great valley-filling ice tongues, which moved out to sea 
and whose surfaces, in the coastal region, were 1000 or 2000 feet above any existing 
glacier. 

2. A period of several thousand years of net recession, doubtless with many un- 
known variations and periods of advance, eventually reaching receded positions 
somewhat inland from those of 1931. 

3. Maintenance of receded position for several hundred years, permitting growth 
of spruce forests somewhat inland and toward glaciers. 

4. Advance of glaciers, probably by some thousands of feet, so as to trim the 
spruce forest to the lines now clearly shown near many glaciers. Maximum position 
of advance probably not maintained for more than one or two decades, and the 
advance probably taking place within the past two hundred years, for the spruce 
forest has not generally been completely re-established inland from the aforemen- 
tioned line. 

5. General recession during the past 100 to 200 years, doubtless with many un- 
known fluctuations. 


® Tarr and Martin [op. cit., p. 220] have concluded that the time elapsed since this advance cannot 
have been over two centuries, or at most four, in view of the slight dissection of hanging glaciated 
valleys by streams, subsequent to their occupation by ice. 
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6. Slight advances, some of striking rapidity, or lessened retreat or halting, shown 
at the ends of various glaciers between 1906 and 1916. 

7. Continued general retreat to 1931 and apparently continuing during that year. 
The average rate of retreat for the best-recorded glaciers is about 50 feet annually. 
The highest rate was for Miles Glacier, in the portion subject to attack by lake 
waves, amounting to about 150 feet annually, and the lowest for Bartlett Glacier, 
probably averaging about 20 feet annually since 1916. 


Boarp or Water Suppty, T. H.; Harvarp University, CAmsripce, Mass. 
MANUSCRIPT RECEIVED BY THE SecreTARY oF THE Society, Apri 5, 1935. 
Reap sperore THE Geovocicat Society, Decemper 31, 1931. 
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INTRODUCTION 


PURPOSE OF THE STUDY 


The Nemaha Mountains ' in eastern Kansas and southeastern Nebraska 
were the first major structural features of the buried pre-Cambrian surface 
in the United States to be outlined by drilling. As the prolific Eldorado 
oil pool was above this “granite ridge,” much interest was created, espe- 
cially after several other pools were discovered with the same geologic 
relationships. The height of this structural feature on the pre-Cambrian 
surface is about 2500 feet; the reflected surface structures have a closure 
of less than 200 feet. Naturally, the presence of so large a subsurface 
structure was unsuspected from the attitude of the surface rocks, and 
this discovery threw new light on the interpretation of other surface 
structural features in the mid-continent region. The buried Amarillo 
Mountains of the Texas panhandle furnish another typical example of 
the many buried structural features that have been discovered by drilling. 

Borings for oil, gas, and water have contributed a wealth of subsurface 
structural and stratigraphic data in central and eastern United States. 
The scientific utilization of these data in the search for petroleum has 
become one of the most important phases of commercial geologic investi- 
gation. Because of the great value of subsurface facts, detailed records 
of thousands of deep wells have been carefully preserved. 

Many ideas on tectonic genesis are based on the attitude of the rocks 
exposed at the surface. For this reason, a compilation of known sub- 
surface structural data, covering a large area, should be of considerable 
value in analyzing the structural genesis of the region covered. The pur- 
pose of the present study is, therefore: (1) to show the configuration of 
the buried pre-Cambrian surface by contours, thus obtaining a three- 
dimensional picture of the mutual relationships of the major structural 
features, and (2) to make a study of the tectonics of the area covered, 
in order to point out the genetic relationships of these features in time 
and space. 


1R. C. Moore: Geologic history of the crystalline rocks of Kansas, Am. Assoc. Petr. Geol., Bull., 
vol. 2 (1918) p. 98-113. 
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The completed map is helpful in analyzing the tectonics of the region 
covered by this study and is also useful as an index to the major struc- 
tural features. The discussion of the tectonics is limited chiefly to 
problems which are elucidated by the map. 
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PREVIOUS STUDIES 


Much attention has been devoted to the structure of the pre-Cambrian 
surface where it is reached in drilling for oil, gas, or water, as this is 
usually the limit of depth at which production may be expected. Several 
isolated areas have previously been contoured on the buried pre- 
Cambrian surface. These contours are reproduced exactly on the map, 
or with changes to accommodate them to new data, or to control outside 
their areas. 

Thwaites’? map of Wisconsin was copied without change except for 
the contour interval. Part of southern Minnesota was adapted from a 
map by Hall.* Eastern South Dakota was taken from the Darton map.‘ 
Eastern Kansas was adapted from a map by Moore.’ Most of the data 
for New Mexico were taken from Darton’s report on the “Red Beds,” ® 
in which there is a contour map of the “bedrock” in eastern New Mexico. 
Much of the control for the area of Texas was taken from Sellards’ map 
of the pre-Cambrian of Texas.? The Coastal Plain of North Carolina 
was taken from a map of the “basement rocks” by Clark.6 A map of 


2F, T. Thwaites: Buried pre-Cambrian of Wisconsin, Geol. Soc. Am., Bull., vol. 42 (1981) 
p. 719-750, fig. 1. 

3C. W. Hall, O. E. Meinzer, and M. L. Fuller: Geology and underground waters of southern 
Minnesota, U. S. Geol. Surv., W. S. Pap. no. 256 (1911) pl. 3. 

#N. H. Darton: Geology and underground waters of South Dakota, U. 8. Geol. Surv., W. S. Pap. 
no. 227 (1909) pl. 10. 

5R. C. Moore and K. K. Landes: Underground resources of Kansas, Kans. Geol. Surv., Bull. 13 
(1927) fig. 54. 

@N. H. Darton: “Red Beds” and iated formatii in New Merico, U. 8. Geol. Surv., Bull. 
794 (1928) 356 pages. 


7E. H. Sellards: Map of the pre-Cambrian, advance publication from Handbook of the stra- 
tigraphy of Texas (1981). 

8W. B. Clark, B. L. Miller, and L. W. Stephenson: The stratigraphy of the Coastal Plain of 
North Carolina; the geological history of the Coastal Plain of North Carolina, N. Car. Geol. Surv., 
Bull. 3 (1912) p. 29. 
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the pre-Cambrian surface of part of North America, by DuRietz,® was 
used as a guide for part of the eastern States. Lugn’s recently published 
contour map of the pre-Cambrian surface of Nebraska *° has been used 
as a guide for that area. 


CONSTRUCTION OF THE MAP 


The surface of the pre-Cambrian rocks was chosen as a contour datum, 
for the following reasons: (1) Pre-Cambrian rocks are everywhere in the 
area and have been involved in all post-Algonkian deformations except 
those produced by concordant magmatic injections and salt intrusions 
in later rocks; (2) the major tectonic units had their inception in pre- 
Cambrian, or shortly after the beginning of Paleozoic, time; (3) there 
is, with few exceptions, a distinct stratigraphic and structural break 
between the pre-Cambrian and later rocks. Thus, over much of the 
area covered by the map, the configuration of the buried pre-Cambrian 
surface represents an integration of all geologically recorded, post- 
Algonkian deformations. 

An obvious handicap in using the surface of the pre-Cambrian as a 
structural mapping datum is that this surface is not all of the same age. 
Only about two-thirds of the area of the map is covered by Cambrian 
sediments, and only a small part of this by early Cambrian. Later 
Paleozoic, Mesozoic, or Cenozoic formations are in contact with the 
pre-Cambrian over the remainder of the area. A disadvantage of using 
the pre-Cambrian surface as a datum plane is that in many areas it is 
deeply buried and, therefore, difficult to contour, even approximately. 
Another disadvantage is that in some places this surface had considerable 
topographic relief when it was buried. An excellent example of this is 
found in the central Ozarks of Missouri, where the pre-Cambrian surface 
had a local topographic relief of nearly 1500 feet and is now covered by 
Upper Cambrian and Lower Ordovician sediments.* However, the ef- 
fects of local topographic relief are usually far overshadowed by struc- 
tural relief, except in the Ozarks, and do not show on the map, because 
the contour interval is too large to bring them out. 

The contours on the maps show elevations, above and below sea level, 
of the buried pre-Cambrian surface as it now exists. The major part 
of the relief thus shown has been caused by tectonic movements since the 
surface was buried. Areas in which the pre-Cambrian is now exposed 
are not contoured but are shown on the maps by stippling. Unbroken 


®°T. A. Du Rietz: The deformation of the pre-Cambrian peneplain of North America, Geol. Foren. 
Stockholm, Férh., Bd. 47, H. 2, no. 361 (1925) p. 250-257, fig. 1. 

10 A. L. Lugn: Pre-Pennsylvanian stratigraphy of Nebraska, Am. Assoc. Petr. Geol., Bull., vol. 18 
(1934) p. 1597-1631, fig. 1. 

11C, L. Dake and Josiah Bridge: Buried and resurrected hills of central Ozarks, Am. Assoc. Petr. 
Geol., Bull., vol. 16 (1932) p. 629-652. 
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contour lines are used over areas in which there is adequate information 
to establish the position of the pre-Cambrian, within small limit of error, 
and broken contour lines are used where the available information gives 
a less exact result. Dashed contours represent areas concerning which 
there is little information on the configuration of the pre-Cambrian 
surface, and the structure shown is projected from that of the surface 
rocks. 


SOURCE AND EVALUATION OF INFORMATION UPON WHICH THE MAP IS BASED 


The elevation data, upon which the contours are based, came from 
many sources. This is divided into groups, arranged in order of accu- 
racy, as follows: (1) Actual elevations of the buried pre-Cambrian 
surface, obtained from wells reaching it; this includes parts of published 
maps; (2) estimates of fair accuracy, based on wells that did not reach 
the pre-Cambrian but in which the added interval is not large and is 
fairly well established; (3) estimates based on wells that penetrate only 
the upper part of the post-Algonkian sediments, together with surface 
stratigraphic sections from nearby areas; and (4) estimates based on 
published surface stratigraphic sections that were extrapolated a con- 
siderable distance. 

In the Central Stable Region and the Atlantic Coastal Plain provinces, 
and in parts of Texas, many wells, drilled for petroleum and water, have 
reached the pre-Cambrian rocks. Records and altitudes of these wells 
were obtained from reports of the Federal and State Geological Surveys, 
from papers in various geological periodicals, from State Survey staffs, 
and from oil companies. Deep wells served as the control for the ele- 


‘vations of the pre-Cambrian surface, and for stratigraphic intervals in 


areas near these wells. 

Deep wells have furnished many of the available data on the stra- 
tigraphy within the larger basins, between areas where the pre-Cambrian 
has been reached. Studies of these wells, and cross-sections, based on 
them, that have been published, were used extensively in making esti- 
mates of the elevations of the pre-Cambrian surface in such basins. 

In much of the Rocky Mountain region, and in the eastern part of the 
Appalachian Basin, the elevation of the pre-Cambrian surface was esti- 
mated by projecting exposed stratigraphic sections from nearby uplifts, 
taking into account the known lateral variations in the thicknesses of 
the formations. This has involved, in some cases, an extrapolation of 
some 20,000 to 30,000 feet of sediments containing many unconformities 
and may, obviously, be subject to considerable error. However, it is 
thought that, in most cases, the resulting maps show the general con- 
figuration, if not the true magnitude, of the folding. 
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DEVELOPMENT, ORIGIN, AND RELATIONSHIPS OF THE MAJOR 
STRUCTURAL FEATURES 


GENERAL STATEMENT 


The major structural features will be discussed under the heading of 
the four tectonic provinces. The development, origin, and relationships 
of these provinces, and their major features, from the time the pre- 
Cambrian surface was preserved as now known, will be considered. The 
earlier history of the pre-Cambrian rocks will be discussed insofar as 
it is related to later events. 

A tectonic province, as here considered, is an areal unit, possessing 
a distinctive type of subsurface structure, which has been developed by 
closely related processes, during a more or less definite part of geologic 
time. Plate 1 is a structure contour map of the pre-Cambrian surface 
in the area covered by this study; it has been shaded to bring out the 
structural relief. This map shows that the region is characterized by 
areas of strikingly different subsurface structure. In the western part, 
the Rocky Mountains form a zone of pronounced structural relief, from 
the Canadian border southward to Mexico. This is the deformed eastern 
part of the Rocky Mountain Geosyncline. The Appalachian Basin in 
eastern United States is the western part of the Appalachian Geosyncline. 
This zone of disturbance continues, with an offset, through Arkansas, 
southern Oklahoma, and Texas, and intersects the Rocky Mountain dis- 
turbance in southwestern Texas. This entire zone constitutes the Paleo- 
zoic Geosyncline. 

Between these two great geosynclinal troughs, there is a central, wedge- 
shaped block that has been relatively undeformed since the Proterozoic. 
This passive area, the buried southern extension of the Laurentian Shield, 
has been called the Central Stable Region by Schuchert.!* Southeast of 
the Paleozoic Geosyncline is the Coastal Plain area. Thus, there are 
four major tectonic provinces in the area under discussion: the Rocky 
Mountain Geosyncline, the Paleozoic Geosyncline, the Central Stable 
Region, and the Coastal Plain. Each of these major provinces has a 
distinct regional structure, which, in turn, may be differentiated into 
smaller units, or sub-provinces. 

COASTAL PLAIN TECTONIC PROVINCE 


General divisions—The part of the Coastal Plain Tectonic Province 
considered here extends along the Atlantic Coast, from Long Island to 
the Mexican Border. The rocks overlying the pre-Cambrian surface 
have been subjected to gentle deformation only, which has been caused 
chiefly by subsidence and warping. This province is divided into the 


22 Charles Schuchert: Site and nature of the North American geosynclines, Geol. Soc. Am., Bull., 
vol. 34 (1923) p. 164. 
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12. Appalachian Structural Complex (Va.) 
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14. Pine Mountain Overthrust (Ky.) 29. Thurman-Wilson Fault (Iowa) 
15. Russell Fork Fault (Va.) 30. Minnesota Basin (Minn.) 
16. Kentucky River Fault Zone (Ky.) 31. Sioux Arch (Minn.) 
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Atlantic Coastal Plain and the Gulf Coastal Plain, on the basis of the 
subsurface structure. The southwestern end of the Atlantic Coastal 
Plain sub-province is bounded by a line connecting the end of the Pied- 
mont, in central Alabama, with the 100-fathom line that marks the west 
side of the Florida Platform in the Gulf of Mexico. The Gulf Coastal 
Plain sub-province extends southwest from central Alabama along the 
coast, south and southeast of the Paleozoic Geosyncline. The structure 
of the surface rocks in this area is similar, with the exception of the salt 
domes, to that of the Atlantic Coastal Plain. However, the thickness 
of the sediments overlying the pre-Cambrian surface is so much greater, 
that there is an abrupt drop, on this surface, between central Alabama 
and Mississippi. This break may represent a continuation of the Appa- 
lachian Geosyncline to the southwest, in which case the structure of the 
pre-Cambrian surface is probably very complex. 

Howe and Moresi ** estimated the thickness of the post-Jurassic sedi- 
ments in southern Louisiana to be equal to more than twice the present 
depth of the Gulf of Mexico. This places the pre-Cambrian surface 
about 30,000 feet below sea level, but in the Atlantic Coastal Plain it 
probably does not anywhere exceed 8,000 feet below sea level. 

The Gulf Coastal Plain is usually considered, from the surface struc- 
ture, to include a large area that reaches up the Mississippi embayment 
into southern Illinois, and overlaps the Paleozoic Geosyncline, from Ala- 
bama to southern Texas.'* In a classification based on the structure of 
the pre-Cambrian surface, it is obvious that inclusion of the buried 
parts of the Paleozoic Geosyncline in the Coastal Plain tectonic province 
would be inconsistent, because the two provinces have extremely different 
types of structure. This criticism might also apply to the Gulf Coastal 
Plain, but present knowledge is inadequate to change the current usage. 


Atlantic Coastal Plain sub-province—The pre-Cambrian surface of 
the Atlantic Coastal Plain sub-province has a simple structure, consisting 
of a gently coastward dip, which is interrupted in only a few places 
(Pls. 2, 3). 

For the most part, the “basement rocks,” upon which the Cretaceous 
and Tertiary rocks were deposited, are thought to be of pre-Cambrian 
age and to have originally been part of Appalachia. The down-faulted 
blocks of Paleozoic metamorphic rocks and Triassic sediments, which 
have been covered by Coastal Plain sediments, are of only local impor- 
tance. The pre-Cambrian surface of this region is probably the pene- 


18H, V. Howe and C. K. Moresi: Geology of Iberia Parish, La., Dept. Conserv., Geol. Bull. no. 1 


(1931) p. 91. 
44L. W. Stephenson: Structural features of the Atlantic and Gulf Coastal Plain, Geol. Soc. Am., 


Bull., vol. 39 (1928) p. 888. 
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planed remnant of Appalachia, the final planation having taken place 
during Jurassic and early Cretaceous time. 

The most striking structural feature of the pre-Cambrian surface of 
the Atlantic Coastal Plain is its monoclinal coastward dip, which aver- 
ages about 35 feet per mile. The monocline is crossed by low folds that 
plunge gently toward the coast. Florida is on a broad upwarp, known as 
the Florida Platform. The medial axis of the platform follows the west 
coast of Florida, but the structural axis is east of this, coinciding with the 
Ocale Uplift (128, on Pl. 3). 

The structural features of the Atlantic Coastal Plain are the result 
of differential warping, the major deformation of the pre-Cambrian sur- 
face having been a downwarping toward the coast. This general down- 
warping has been interrupted by periods of regional and local uplift. 
The Cape Fear Arch (126, on Pl. 3), which may be taken as a typical 
example of cross-folding, was apparently formed as follows: In early 
Eocene time, the general region was uplifted, followed by downwarping 
to the south. The area to the north was downwarped in Miocene time. 
This left the Cape Fear Arch, an “upwarped” area, part of its relief 
being caused by actual uplift and the remainder resulting from down- 
sinking of adjacent areas. 


Gulf Coastal Plain sub-province—Barton, Ritz, and Hickey ** have 
described this as the Gulf Coast Geosyncline. Their reason for this 
designation is the great thickness of sediments that is thought, from 
stratigraphic and geophysical data, to exist along the western Gulf Coast. 
The symmetry of the basin and its lack of relation to an actively uplift- 
ing area do not fit into the general idea of geosynclines. As usually 
interpreted, geosynclines are deepest on the side from which the filling 
sediments are derived, and an actively rising hinterland is the usual 
correlative of the sinking geosyncline. 

The structure of the surface rocks, from which the configuration of 
the surface of the basement rocks is inferred, consists of a coastward 
dip that has been modified by gentle warping and normal faulting. The 
age of the basement rocks (pre-Cretaceous) is problematical. Meta- 
morphic rocks of probable pre-Cambrian age have been found in a few 
wells. 

The general concept has been that, during the Paleozoic, at least part 
of the area of the Gulf Coastal Plain was occupied by the old landmass 
of Llanoria, which furnished most of the detritus that filled the Ouachita 
Geosyncline. As the strata of this geosyncline range from Cambrian to 


15D. C. Barton, C. H. Ritz, and Maude Hickey: Gulf Coast geosyncline, Am. Assoc. Petr. Geol., 
Bull., vol. 17 (1933) p. 1446-1458. 
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Index to structural features of pre-Cambrian surface. 
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12. Appalachian Structural Complex (Ga.) 
13. Atlantic Coastal Plain (S. C.) 

17. Cincinnati Arch (Tenn.) 

23. Ozark Arch (Ark.) 


24. Cumberland River Arch (Tenn.) 
124. Nashville Dome (Tenn.) 
125. 
. Cape Fear Arch (N. C.) 

. Georgia Basin (Ga.) 

. Ocala Uplift (Fla.) 

. Flint River Syncline (Ga.) 

. Chattahoochee River Anticline (Ga.) 

. Bethel Fault (Ala.) 

. Hatchetigbee Anticline (Ala.) 

. Jackson Fault (Ala.) 

. Withlacoochee Anticline (Ga.) 

. Jackson Anticline (Miss.) 

136. Mississippi River Embayment ( Miss.) 
137. Ouachita Basin (Ark.) 


138. Ouachita Mountain Uplift (Ark.) 
139. 
140. Sabine Uplift (La.) 

141. Mexia Fault Zone (Ark.) 
142. Choctaw’ Overthrust (Ark.) 


143. 


144. 


146. 


147. 


148. Gulf Coastal Plain (Miss.) 


(Relative sizes of type correspond to relative sizes of 


SOUTHEASTERN UNITED STATES 


numerals. ) 


Appalachian Basin (Ala.) 


Sequatchie Anticline and ,Thrust Fault (Ala.) 


Monroe Uplift (La.) 


Winding: Stair Overthrust (Ark.) 
Boktukola Overthrust (Ark.) 
Angelina-Caldwell Flexure (La.) 
Fayetteville-Batesville Fault Zone (Ark.) 
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Pennsylvanian in age, it is probable that the contributing landmass was 
eroded deeply into the pre-Cambrian. 

Llanoria may have been connected with Appalachia, or it may have 
been a separate unit. Certainly, since the beginning of the Cretaceous, 
the surface of Llanoria has been depressed more than the pre-Cambrian 
surface of the Atlantic Coastal Plain. The surface of the pre-Cambrian 
in southern Alabama does not seem to be more than 6,000 or 7,000 feet 
below sea level, whereas, in southern Louisiana, the surface of the base- 
ment rocks (pre-Cretaceous) is about 30,000 feet below sea level. This 
great difference in elevation between the surfaces upon which the Cre- 
taceous rests may have been inherited from a Paleozoic break; in which 
case, Llanoria and Appalachia were separate. 

The Gulf Coastal Plain is contoured on the pre-Cretaceous surface, 
but, for convenience, it will hereafter be referred to as the pre-Cambrian 
surface, although only part of it may be pre-Cambrian. Even so, the 
contours serve the useful purpose of emphasizing the thickness of the 
Cretaceous and Tertiary sediments, and show the major structures in 
the Gulf Coastal Plain. Much of Mississippi was not contoured, because 
the position of the buried Paleozoic Geosyncline is not known. 

The major structural feature here, as in the Atlantic Coastal Plain, 
is the coastward dip. The general strike of the strata is parallel to 
the coast and to the Ouachita segment of the Paleozoic Geosyncline. 
The latter is apparently the controlling factor in determining the strike. 

The alignment and position of the salt domes in this area may reflect 
something of the structure of the deep-lying rocks. The following quo- 
tation from Barton ** seems to have a bearing on the problem: 

“A most significant suggestion which the German domes offer is that the align- 
ment of the salt domes of such an area as the Gulf Coast, with its enormously thick 
section of unconsolidated sediments, is controlled by the tectonic plan of the under- 
lying basement.” 

Howe and Moresi 2” suggest that the downsinking of the coastal area may 
have fractured the basement rocks and may have been “. . . the potent 
force which drove the salt plugs up. . . .” 

This area has not been subjected to any intense deformation, except 
locally by salt domes, since the beginning of Cretaceous time. The move- 
ments have been vertical, and the major movement has been a differ- 
ential downsinking toward the coast, which has been interrupted by 
periods of uplift and tilting. The parallelism of the regional strike with 
the Ouachita Geosyncline is noteworthy and, certainly, is not a coin- 


16D. C. Barton: The American salt dome problems in the light of the Roumanian and German 
salt domes, Am. Assoc. Petr. Geol., Bull., vol. 9 (1925) p. 1266. 
17H. V. Howe and C. K. Mores:: op. cit., p. 122-123. 
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cidence. Van der Gracht** has emphasized this relationship, and the 
writer further suggests that much of the downsinking of the coastal area 
has hinged on the old line of weakness, marked by the Paleozoic 
Geosyncline. 

The Sabine-Monroe Uplift is the most prominent structural feature in 
the whole Coastal Plain province. It has been produced by several 
periods of uplifting. There are angular unconformities between the lower 
and the upper Cretaceous and between the Upper Cretaceous and the 
Tertiary. The latter unconformity is of such magnitude that, in the 
Richland gas field, the Lower Tertiary overlaps the late Cretaceous and 
the early Comanchean. The uplift of the Sabine-Monroe area was com- 
pleted in post-Miocene time, and the structure was accentuated by sub- 
sidence of the Arkansas and Tyler troughs and the Angelina-Caldwell 
flexure. 

PALEOZOIC GEOSYNCLINE TECTONIC PROVINCE 

General divisions—The Paleozoic Geosyncline extends southwestward 
from the mouth of the St. Lawrence River, across eastern and southern 
United States, to southwest Texas, where it becomes difficult to trace 
because of the effects of later Laramide deformations. The part con- 
sidered here includes a majority of the Appalachian Geosyncline, the 
Ouachita Geosyncline, and the Wichita Geosyncline. 

Only the foreland basins of this province have been contoured. The 
structure of the remainder of the area is far too complex to be represented 
by contours. 

The province is divided into three units: The Appalachian, the Oua- 
chita, and the Wichita sub-provinces. The geosynclines are probably 
connected, but there is some doubt as to whether the Appalachian geo- 
syncline divides in Alabama and Mississippi or swings sharply northward 
as a single unit. Much has been written on this question, and the infer- 
ences made have been based chiefly on indirect evidence. Miser? gives 
a summary of the ideas put forth previous to 1929, and says: 


“The Ouachita trough was, in my opinion, a westward extension of the Appa- 
lachian geosyncline during at least part of the Paleozoic era, because some of the 
rocks of the Ouachita and Appalachian regions are similar in lithologic character 
and fossil content.” 


It seems to be fairly well established that there was a sea-way con- 
nection between the Appalachian and the Ouachita geosynclines. There 
is also the possibility that the southern end of the Appalachian Geosyn- 


13W. A. J. M. van Waterschoot van der Gracht: Permo-Carboniferous orogeny in south-central 
United States, Am. Assoc. Petr. Geol., Bull., vol. 15 (1931) p. 1054. 

2H. D. Miser: Structure of the Ouachita Mountains of Oklahoma and Arkansas, Okla. Geol. 
Surv., Bull. 50 (1929) p. 10-11. 
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cline was divided. As has already been noted, there is now a distinct 
break between the surface of Appalachia and that of Llanoria. The 
Appalachian Geosyncline is known to extend southwestward as far as 
Jackson, Mississippi, where the Cretaceous overlies steeply dipping beds 
of probably Pottsville age. If this trend is projected southwestward, 
it passes south of the Sabine-Monroe uplift. As already indicated, the 
south side of the Sabine-Monroe uplift (Angelina-Caldwell Flexure) is 
probably a fundamental line of weakness. The alignment of these 
features, and the break in the surface of the basement rocks, are certainly 
suggestive of an uninterrupted southwestward continuation of the Appa- 
lachian Geosyncline. If such a continuation does exist, the Sabine- 
Monroe uplift may represent the site of an ancient Paleozoic zwischen- 
gebirge. 

The Ouachita mountain system might be a northward salient of the 
Appalachian Geosyncline. However, this would be an anomalous be- 
havior for such a strongly developed trend as that possessed by the 
Appalachian Geosyncline, unless factors other than those definitely 
known enter the picture. 


Appalachian Geosyncline sub-province—The part of the Appalachian 
Geosyncline considered in this study extends from eastern New York to 
central Mississippi. The interior border of this region is the southwest 
side of the Adirondacks and the southeast flank of the Cincinnati Arch. 
The hinterland border of the original geosyncline is not known, but it 
must have been as far southeast as the southeastern side of the Piedmont 
during Middle Cambrian, and may have moved northwestward during 
the Paleozoic. 

During the Late Paleozoic orogeny, this area was deformed progres- 
sively from the southeast to the northwest, the orogeny culminating in 
the Permian. The deformation was most intense in the southeastern part 
of the geosyncline. The intensity of deformation diminishes only slowly 
toward the northwest until the Appalachian structural front *° is reached. 
Here, there is an abrupt structural break with the area to the east, 
strongly deformed, and the area to the west, relatively undeformed. 

Only the area northwest of the structural front is contoured on the 
map. This is the Appalachian Basin (11, on Pl. 2), which extends from 
eastern New York to central Mississippi. Richardson ** called that part 
of this basin, extending from New York to Kentucky, the Pittsburgh- 
Huntington Basin. This is the best-developed part of the Appalachian 
Basin, both in width and in depth. Most of the east side of the Pittsburgh- 


2 Pp. H. Price: The Appalachian structural front, Jour. Geol., vol. 39 (1931) p. 24-25. 
21G. B. Richardson: Structural contour maps of the Pittsburg-Huntington basin, Geol. Soc. Am., 
Bull., vol. 39 (1928) p. 543-554. 
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Huntington Basin is bounded by strong folds of the Appalachian Moun- 
tains; in the adjacent areas to the north and south, the Appalachian 
Basin is limited, on the east, chiefly by overthrust faults. The southeast 
side of the Appalachian Basin in Alabama is also bounded chiefly by 
strong folds. Keith *? and Price ** ascribed this alternation of thrusting 
and folding to variations in the competency of the stratigraphic section. 
Where the structural front is marked by overthrusts, the strata have been 
pushed farther toward, and over, the foreland. 

The Kentucky River Fault Zone (16, on Pl. 2), trending east-west, 
crosses the western side of the Appalachian Basin in eastern Kentucky. 
This zone of deformation can be traced northeastward along minor folds 
to the Chestnut Ridge Anticline (6, on Pl. 2), and west to the Rough 
Creek Fault Zone (22, on Pl. 2), in the Illinois-Kentucky Basin (21, 
on Pl. 2) and the Ste. Genevieve Fault Zone (25, on Pl. 2) in Missouri. 
Gardner ** called this deformed belt the Ohio Valley disturbance. It 
trends east-west, from eastern Kentucky to eastern Missouri, and has 
a complex structure. Most of the faults are vertical and strike northeast- 
ward. Downthrow of the faults is either to the north or to the south, 
and many of them have had pivotal movement. Horizontal striations 
are visible on some of the faults, and the movements must have extended 
over a considerable length of time, as minerals deposited in the faults 
show later displacement. East-west folds occur with the faults. 

The Nashville Dome (124, on Pl. 3), which is the southern extension 
of the Cincinnati Arch, acted as an independent unit during part of the 
Ordovician. In the Middle Ordovician, it formed Nashville Island, which 
was later submerged. The northern part of the Cincinnati Arch was 
uplifted at the close of the Ordovician. It would seem, therefore, that 
the line of weakness now occupied by the Kentucky River—Rough Creek 
fault zones may be an old structural feature. 

It is suggested that the folding along this zone occurred early in the 
Appalachian Revolution, being caused by a northward component of 
the Appalachian thrust, guided by a pre-existing line of weakness. It 
is further suggested that the normal faulting was caused by downsinking 
of the Illinois-Kentucky Basin and of the area of the Pine Mountain 
Overthrust during, or immediately subsequent to, the overthrusting. This 
torsional effect would produce fractures with northeast trend, and the 
directive effect of the earlier zones of deformation would localize the 
fractures along this zone. 


2 Arthur Keith: Structural symmetry in North America, Geol. Soc. Am., Bull., vol. 39 (1928) 
p. 337. 

%P. H. Price: op. cit., p. 35-39. 

% J. H. Gardner: A stratigraphic disturbance through the Ohio Valley, running from the Appa- 
lachian Plateau in Pennsylvania to the Ozark Mountains in Missouri, Geol. Soc. Am., Bull., vol. 26 
(1915) p. 477-483. 
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Ouachita Geosyncline sub-province—The known part of the Ouachita 
Geosyncline extends from east-central Arkansas to the Marathon »plift 
in southwestern Texas. Its development as a typical geosynclinal unit 
seems to have occurred rather late in the Paleozoic, as Carboniferous 
sediments form the bulk of the deposits. Much of the Ouachita Geo- 
syncline is concealed beneath the Coastal Plain sediments. The exposed 
parts of the geosyncline are the Ouachita Mountains (138, on Pl. 3), 
Ouachita Basin (137, on P]. 3), and the Marathon Uplift (167, on Pl. 4) 
in southwest Texas. The presence of the geosyncline in the intervening 
area has been determined by drilling, and it has been outlined by Sell- 
ards.2> The position of the pre-Cambrian in this sub-province is not 
known except along the edge of the foreland in the Ozark and Llano 
uplifts. 

The Ouachita Geosyncline is covered by Coastal Plain sediments in 
eastern Arkansas. Its continuation eastward is not known, but it is 
usually considered to swing southward and connect with the Appalachian 
Geosyncline in Alabama. If the sediments of the Ouachita have been 
thrust far to the north, this connection would probably be broken. The 
actual relationship is not yet known, but deeper drilling and geophysical 
investigations will, no doubt, help to solve the problem. 

There are several features that suggest the possibility that the Illinois- 
Kentucky Basin is a northeastward-continuation of the Ouachita Geo- 
syncline. The trend of the Cincinnati Arch in northern Mississippi sug- 
gests that it may connect with the Sabine-Monroe Uplift. The northward 
swing of the foreland folds in the eastern part of the Paleozoic area of 
Arkansas is additional evidence of this possible relationship. The posi- 
tion of the Mexia Fault Zone in southern Arkansas, likewise, is suggestive 
that the axis of the Ouachita Geosyncline is north of the Sabine-Monroe 
Uplift. No attempt is made here to review all the literature dealing with 
the position, limits, and tectonics of the geosyncline, but the few papers 
cited give a complete bibliography. 

The Ouachita Basin (137, on Pl. 3) is the foreland basin in front of 
the Ouachita Mountains. The structural front dividing the mountains 
from the basin is well marked in Oklahoma, where the mountains are 
thrustfaulted; but in Arkansas, where the mountains are strongly folded, 
the transition to the gentle folds of the basin is gradual, and the dividing 
line is indefinite. 

The Balcones (158, on Pl. 4) and the Mexia (141, on Pl. 4) fault 
zones are well known. These zones, in general, parallel the Ouachita 
geosyncline. The Balcones Fault Zone has an eastward downthrow of 


2E. H. Sellards: Maps of Upper Cambrian and Lower Ordovician, advance publication from 
Handbook of stratigraphy of Texas (1931). 
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about 1,000 feet; the Mexia Fault Zone is downthrown about 400 feet 
to the west. The resulting graben is complexly faulted. Where the 
Mexia Fault Zone swings eastward, this large graben disappears. These 
major fault zones, closely related in origin, appear to have been formed 
in late Tertiary. 

Undoubtedly, the Balcones and the Mexia fault zones are intimately 
related to the Ouachita Geosyncline. Foley ** has suggested that the 
Balcones Zone was caused by downsinking of the Coastal Plain around 
the Llano uplift and that the Mexia Fault Zone was a later adjustment 
due to the Balcones faulting. The writer suggests that both fault zones 
are closely related to the Ouachita Geosyncline, the position of which 
was effected by the Llano Uplift in Paleozoic time. Downsinking of 
the Gulf Coastal Plain, hinging on the Ouachita Geosyncline, would 
cause more tension at the surface than at depth and, therefore, would 
produce fault belts and grabens with a net downthrow toward the area 
of sinking. 

It has already been suggested that the Balcones and the Mexia fault 
zones are over the original zone of weakness that allowed the Ouachita 
Geosyncline to form, and that this geosynclinal belt was the hinge for 
the Gulf Coastal Plain subsidence. If this is true, the distance separating 
the Mexia Fault Zone in northeastern Texas from the structural front in 
Oklahoma may be explained by northward overthrusting. Obviously, 
this reasoning cannot be used to account for the position of the Mexia 
Fault Zone in southern Arkansas relative to the Ouachita Mountains 
of Arkansas, assuming the latter are not greatly overthrust, unless the 
basin of deposition shifted northward during the Carboniferous. How- 
ever, Van der Gracht 7 has pointed out that the Carboniferous sediments 
of the Ouachitas are an “orogenic deposit,” being derived from an 
actively rising hinterland. Probably, mountain-building was going on 
in southern Arkansas and northern Louisiana while the sediments of the 
Ouachitas were being deposited; thus, these sediments did not have to 
be shoved a long distance to their present position. This is essentially 
what has been suggested by Powers.”* 


Wichita Geosyncline sub-province—Van der Gracht?® termed the 
Wichita Geosyncline an intra-continental geosyncline. The known part 
of the geosyncline extends from the western structural front of the Oua- 
chitas, in southeastern Oklahoma, to the Wet Mountains in southern 


%*L. L. Foley: Mechanics of the Balcones and Mexia faulting, Am. Assoc. Petr. Geol., Bull., 
vol. 10 (1926) p. 1261-1270. ; 

27W. A. J. M. van Waterschoot van der Gracht: Permo-Carboniferous orogeny in south-central 
United States, Am. Assoc. Petr. Geol., Bull., vol. 15 (1931) p. 998. 

28 Sidney Powers: Age of the folding of the Oklahoma Mountains, Geol. Soc. Am., Bull., vol. 39 
(1928) p. 1031-1072, figs. 7, 8. 

2 W. A. J. M. van Waterschoot van der Gracht: op. cit. 


a} 
q 

q 

= 

| 

eal 


BULL. GEOL. SOC. AM., VOL. 47 


/ 
92 \ / 


SCALE IN MILES 


50 a) 50 


/ 
if 
9 
\ 


/00 


PRE-CAMBRIAN QUTCROP 


SOUTHWESTERN UNITED STATES 


Index to structural features of pre-Cambrian surface. 


(Relative sizes of type correspond to relative sizes of numerals.) 


42. Nemaha Mountains Uplift (Okla.) 

89. Sevier Fault (Ariz.) 

90. Hurricane Fault (Ariz.) 

92. East Kaibab Fault (Ariz.) 

101. Monument Upwarp (Ariz.) 

110. Sangre de Cristo Mountains Uplift (N. M.) 

111. Raton Basin (N. M.) 

119. San Juan Basin (N. M.) 

120. Colorado Plateau (Ariz.) 

137. Ouachita Basin (Okla.) 

138. Ouachita Mountains Uplift and Over- 
thrust (Okla.) 

140. Sabine Uplift (Texas) 

141. Mexia Fault Zone (Texas) 

142. Choctaw Overthrust (Okla.) 

143. Winding Stair Overthrust (Okla.) 

144. Boktukola Overthrust and Fenster (Okla.) 

145. Seneca Fault Zone (Okla.) 

148. Gulf Coastal Plain (Texas) 

149. Seminole Arch (Okla.) 

150. Arbuckle Mountains Uplift (Okla.) 

151. Wichita Mountains Uplift (Okla.) 

152. Anadarko Basin (Okla.) 


153. Ardmore Basin (Okla.) 
154. Criner Hills Uplift (Okla.) 
155. Electra Arch (Texas) 

156. Muenster Arch (Texas) 


157. Approximate limits of buried Ouachita 
Geosyncline (Texas) 

158. Balcones Fault Zone (Texas) 

159. Tyler Trough (Texas) 

160. Jacksonville Fault Zone (Texas) 

161. Llano Uplift (Texas) 

162. Bend Flexure (Texas) 

163. West Texas Permian Basin (Texas) 

164. Amarillo Mountains Uplift (Texas) 

165. Fort Stockton-Yates Anticline (Texas) 

166. Marfa Basin (Texas) 

167. Marathon Uplift and Overthrust (Texas) 

168. Delaware Mountains Basin (Texas) 

169. Central Basin Platform (Texas) 

170. Concho Divide (Texas) 

171. Solitario Uplift (Texas) 

172, Carrizo Mountains Uplift (Texas) 

173. Hueco Mountains Uplift (Texas) 

174. Franklin Mountains Uplift (Mexico) 

175. Pedernal Mountain Uplift (N. M.) 
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Colorado. The eastern continuation of the Wichita Geosyncline is not 
known, but there must have been sea-way connections with the Appa- 
lachian Geosyncline during early Paleozoic, as there are close faunal 
and lithologic similarities in the sediments of the two geosynclines. The 
pre-Carboniferous Wichita Geosyncline probably extended far to the 
southeast. 

The thickest stratigraphic section that was involved in the Wichita 
orogeny is in the Arbuckles, where there were about 25,000 feet of strata 
affected by the final folding of the area. These strata range in age 
from Upper Cambrian to Middle Pennsylvanian. The maximum struc- 
tural relief may exceed 40,000 feet between the Arbuckle Mountains and 
the Ardmore Basin. 

The west-northwest trend of the geosyncline was apparently inherited 
from the pre-Cambrian, as a majority of the pre-Cambrian dikes in 
the Arbuckle Mountains have this alignment.*° One master pre-Cam- 
brian joint set and most of the quartz dikes in the Wichita Mountains 
also have this trend.** 

The folds of the Wichita Geosyncline are slightly arcuate in plan, 
being convex toward the north. This suggests that the deforming stress 
came from the south. The Anadarko Basin is the deep foreland basin 
of this system of mountains. It reaches west into southeastern Colorado. 
The eastern edge of the Anadarko Basin originally reached eastward 
to the Seminole Arch (149, on Pl. 4), but now the Nemaha Mountains 
(42, on Pl. 4) are the eastern border. The buried Amarillo Mountains, 
the Wichita Mountains, and the Muenster Arch form a fairly continuous 
arc. The Arbuckle Mountains are isolated to the north of the Muenster 
Arch by the Ardmore Basin. This latter basin is the eastward-continua- 
tion of the present Anadarko Basin. 

Mountain-building occurred in the Wichita Geosyncline at two dis- 
tinct periods. The earlier folding occurred in pre-Atoka (pre-Pottsville) 
time and the later one in pre-Pontatoc (pre-Monongahela). Dott *? 
summarized the literature on the Arbuckle Mountains and demonstrated 
the existence of overturned folds and the strong probability of extensive 
overthrusting. 

The early phase of the Wichita orogeny affected a iarge area in the 
southern part of the Central Stable Region, and it appears that all the 
structural features related to the Wichita orogeny were outlined at that 
time. The stress producing the many domal structures in the midcon- 


J, A. Taff: Description of the Tishomingo quadrangle, U. S. Geol. Surv., Geol. Atlas, Tisho- 


mingo folio. no. 98 (1903) p. 2. 
31M. G. Hoffman: Geology and petrology of the Wichita Mountains, Okla. Geol. Surv., Bull. 52 


(1930) p. 16-17. 
RR. H. Dott: Overthrusting in Arbuckle Mountains, Oklah , Am. Assoc. Petr. Geol., Bull., 


vol. 18 (1934) p. 567-602. 
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tinent oil fields probably belonged to the Wichita Mountain building. 
Nevin and Sherrill ** have suggested that these domes were probably 
produced by vertical stresses, localized by points of weakness in the 
basement rocks. Later phases of mountain-building in the Wichita 
Geosyncline would undoubtedly produce movements in the original 
structures and, thereby, cause local unconformities and thinning of 
strata over the “buried hills.” - 


ROCKY MOUNTAIN GEOSYNCLINE TECTONIC PROVINCE 


General description —The part of the Rocky Mountain province con- 
sidered here extends from northwestern Montana to southwestern Texas. 
The boundaries of the province are rather indefinite. The area covered 
by this study is limited on the western side by extensive faulting, most 
of which is thrust faulting. According to Schuchert,** the Rocky Moun- 
tain Geosyncline was isolated as a separate unit of the Cordilleran 
Geosyncline by the Cordilleran Geanticline in late Jurassic. 

A glance at the maps (Pls. 1, 4, 5) shows that the Rockies are 
characterized by three dominant structural types; large overthrusts, 
huge folds in a more or less parallel position, and isolated block-like 
uplifts and depressions, which are bounded by monoclines or normal 
faults. The Colorado Plateau is the classic example of the block type 
of structure, and eastern Montana is similar. Thus, for convenience 
in description, the province is divided into three parts: The Colorado 
Plateau, the Southeastern Rockies, and the Montana Basin-and-Dome 
sub-provinces. These sub-provinces overlap so that, in many places, the 
exact boundaries are indefinite. 


Colorado Plateau sub-province-—The Colorado Plateau is bounded 
on the north by the Uinta Basin (98, on Pl. 5), on the east by the west 
sides of the Nacimiento (176, on Pl. 4) and the Sandia—Manzano (183, 
on Pl. 4) uplifts. It includes the San Juan Mountains (117, on Pl. 5). 
The west and south sides grade into the Basin-Range province. The 
trend of the major structural features is northwest-southeast and north- 
east-southwest. The typical structural features, as shown at the surface, 
are chiefly westward-tilted blocks, which are bounded by monoclinal 
flexures. In some places, the monoclines change into normal faults, this 
being especially true where the covering of the pre-Cambrian is thin or 
absent [Uncompahgre (108, on Pl. 5) and Defiance (190, on Pl. 4) 
uplifts]. These structural relationships suggest that the monoclines all 


83C. M. Nevin and R. E. Sherrill: Nature of uplifts in north-central Oklahoma and their local 
expression, Am. Assoc. Petr. Geol., Bull., vol. 18 (1929) p. 23-30. 

% Charles Schuchert: Sites and nature of North American geosynclines, Geol. Soc. Am., Bull., 
vol. 34 (1923) p. 184. 
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NORTH-CENTRAL UNITED STATES 
Index to structural features of pre-Cambrian surface. 
(Relative sizes of type correspond to relative sizes of 
numerals. ) 
28. Forest City Basin (Kans.) 
31. Sioux Uplift (S. D.) 
32. Carrington Syncline (N. D.) 
33. Williston Basin (N. D.) 
34. Nesson Anticline (N. D.) 
35. Black Hills Uplift (S. D.) 
36. Cedar Creek Anticline (Mont.) 
37. Powder River Basin (Wyo.) 
38. Hartville Uplift (Wyo.) 
39. Julesberg Basin (Colo.) 
40. Central Kansas Uplift (Kans.) 
41. Salina Basin (Kans.) 
42. Nemaha Mountains Uplift (Kans.) 
43. Chatauqua Arch (Kans.) 
44. Chadron Anticline (S. D.) 
45. Blood Creek Syncline (Mont.) 
46. Coburg Syncline (Mont.) 
47. Bowdoin Dome (Mont.) 
48. Sweetgrass Arch (Mont.) 
49. Rocky Mountain Structural Complex 


(Mont.) 
50. Lewis Overthrust (Mont.) 
51. Little Belt Mountains Uplift (Mont.) 
Big Snowy Mountains Uplift (Mont.) 
. Cat Creek Anticline (Mont.) 
. Porcupine Dome (Mont.) 
Bull Mountain Syncline (Mont.) 
Wheatland Basin (Mont.) 
Big Coulee-Hailstone Dome and Lake Basin Fault Zone 
(Mont.) 
Crazy Mountain Syncline (Mont.) 
59. Lombard Overthrust (Mont.) 
60. Bighorn Basin (Wyo.) 
61. Bighorn Mountains Uplift (Wyo.) 


62. Beartooth Mountains and Overthrust (Mont.) 

63. Heart Mountain Overthrust (Wyo.) 

64. Wind River Mountains Uplift and Overthrust 
(Wyo.) 

65. Wind River Basin (Wyo.) 

66. Bridger Uplift (Wyo.) 

67. Owl Creek Mountains Uplift (Wyo.) 

68. Sweetwater Anticline (Wyo.) 

69. Laramie Mountains Uplift (Wyo.) 

70. Hanna Basin (Wyo.) 

71. Green River Basin (Wyo.) 

72. Rock Creek Basin (Wyo.) 

73. Medicine Bow Mountains Uplift (Wyo.) 

74. Park Range Uplift (Colo.) 

75. Rawlins Uplift (Wyo.) 

76. Seminoe Uplift (Wyo.) 

Rock Springs Uplift (Wyo.) 

Gros Ventre Range (Wyo.) 

Teton Range (Wyo.) 

Darby Overthrust (Wyo.) 

Absaroka Overthrust (Wyo.) 

Crawford Overthrust (Wyo.) 

Bannock Overthrust (Idaho) 

Fensters in Bannock Overthrust (Idaho) 

Putnam Overthrust (Idaho) 

Teton Basin (Idaho) 

Willard Overthrust (Utah) 

88. Wasatch Uplift and Fault (Utah) 

Sevier Fault (Utah) 

Hurricane Fault (Utah) 

Paunsaugunt Fault (Utah) 

East Kaibab Fault (Utah) 

Kaiparowitz Downwarp (Utah) 

Circle Cliffs Upwarp (Utah) 

Waterpocket Fault (Utah) 

Henry Mountains Basin (Utah) 

San Rafael Swell (Utah) 

98. Uinta Basin (Utah) 


99. Uinta Mountains Uplift and Overthrust 
(Utah) 


100. Raft River Uplift (Utah) 

101. Monument Upwarp (Utah) 

102. Miners Mountain Uplift (Utah) 

103. Deep Creek-Tintic Uplift (Utah) 
104. White River Uplift (Colo.) 

105. Sawatch Mountains Uplift (Colo.) 


106. Front Range Uplift (Colo.) 


107. Wet Mountains Uplift (Colo.) 
108. Uncompahgre Uplift (Colo.) 

109. Gore Mountains Uplift (Colo.) 

110. Sangre de Cristo Mountains Uplift (Colo.) 
111. Raton Basin (Colo.) 

112. Apishapa Anticline (Colo.) 

113. North Park Basin (Colo.) 

114. South Park Basin (Colo.) 

115. Canyon City Basin (Colo.) 

116. Dolores Syneline (Colo.) 

117. San Juan Mountains Uplift (Colo.) 
118. Yampa Syncline (Colo.) 

119. San Juan Basin (Colo.) 


120. Colorado Plateau (Utah) 
121. Sierra Grande Arch (Colo.) 

122. Cambridge Anticline (Neb.) 
123. Dolores Plateau Uplift (Colo.) 


201. Basin-Range Province (Utah) 
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overlie faults in the basement rocks; thus, many of the monoclines are 
shown as faults on the pre-Cambrian surface. 

The sedimentary section is relatively thin in the Colorado Plateau, 
in comparison with similar sections in southeastern Idaho and south- 
western Wyoming. The old, positive tectonic element of Cal-Arizona, 
to the south, was apparently a strong element during the Paleozoic and 
the Mesozoic. The relation of the folds of the Rockies to the Colorado 
Plateau, as shown later, also indicates that this general area was a rigid 
element of the earth’s crust. 

The high-angle faults of the Colorado Plateau are oriented in a manner 
that suggests shearing under conditions of lateral relief to the north- 
south. As the area to the north was weaker, it seems logical to assume 
that the easiest lateral relief was northward. The rocks now at the 
surface of the Colorado Plateau, but which were under a considerable 
overburden at the time of deformation, took up this northward movement 
by jointing and stretching. It is suggested that shears in the basement 
rocks, caused by warping and other readjustments during, and following, 
the compressive stages of the Laramide orogeny, oriented movements 
between large blocks of the earth’s crust. Possibly, the northeast to 
north-northeast “grain” of the Archean in the Colorado Plateau con- 
trolled the numerous shears in that direction; and those shears striking 
northwest-southeast were developed in the complementary position. 


Southeastern Rocky Mountains sub-province—The part of the south- 
eastern Rocky Mountains tectonic sub-province considered in this study 
includes the Carrizo (172, on Pl. 4) and Franklin (174, on Pl. 4) moun- 
tains in western Texas and extends to the north end of the Bighorn Moun- 
tains (61, on Pl. 5) in northern Wyoming. It is bounded on the west by 
the Basin-Range province in southwestern New Mexico, by the Colorado 
Plateau in northwestern New Mexico and southwestern Colorado, and 
by the Darby (80, on Pl. 5), Absaroka (81, on Pl. 5), and Heart Moun- 
tain (63, on Pl. 5) overthrusts in Wyoming. The eastern boundary 
grades into the Great Plains of the Central Stable Region. 

The uplifts are huge anticlines, with pre-Cambrian cores exposed in 
most of them. In general, the large anticlines along the eastern border 
have their steeper flank on the east, and may be overthrust eastward. 
Farther west, many of the folds are steepest on the west or southwest, 
and are apparently overthrust toward the west. This condition of over- 
thrusting in both directions, forming wedge-shaped blocks, has been 
emphasized by Flint.**. 


®R. F. Flint: A brief view of Rocky Mountain structure [Studies for students], Jour. Geol., 
vol. 32 (1924) p. 410-432. 
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The mountain uplifts in western Texas and central New Mexico are 
included in this sub-province, because they trend north-south and are, 
thus, a southward-continuation of the Colorado Rockies. Also, they 
carry, to a certain extent, the wedge-shaped characteristics mentioned. 

In the Rockies of Colorado and Wyoming, the structural relief on the 
pre-Cambrian surface is locally as much as 30,000 feet, but, as the 
exposed pre-Cambrian is not contoured on the map, this amount of 
relief is not shown. The omission of the tops of the anticlines causes 
the basins to be overemphasized. The lowest elevation of the pre- 
Cambrian surface, in the area covered by the map, is in southeastern 
Idaho and southwestern Wyoming. The elevation of the pre-Cambrian 
surface in the Teton Basin (86, on Pl. 5) and in front of the Absaroka 
Overthrust (81, on Pl. 5) is estimated to be 30,000 feet below sea level. 
The highest pre-Cambrian mountains in Colorado are over 14,000 feet 
above sea level, and, as the pre-Cambrian surface has been lowered by 
erosion, the maximum structural relief of the pre-Cambrian surface in 
this sub-province must exceed 45,000 feet. 

Folding in the central Rockies is apparently controlled by the character 
and thickness of the post-Proterozoic sediments, and by the strength 
of the basement rocks. The most competent part of the sedimentary 
section is usually at the base. The sedimentary section deformed by 
the orogeny was relatively thin compared to that in the western part 
of the Rockies, in the Appalachians, or in the Ouachitas. Thus, the 
folding was not much influenced by the sedimentary section; it was 
really a crumpling of the foreland, or west side, of the Central Stable 
Region continental block. 

The orientation of the folds of the Rockies seems to be the result of 
several factors. The general north-to-north-northwest trend of the sys- 
tem was governed by early zones of weakness, outlined by the thick 
sedimentary sections to the west. This early zone of weakness, in turn, 
oriented the orogenic stresses. Many of the folds were formed perpen- 
dicular to the general direction of stress; others lie at an angle to it. 
The Rockies of Colorado and southern Wyoming are peripheral to the 
north and east sides of the Colorado Plateau. Suess ** has noted that 
the Sangre de Cristo, Sawatch, White River, and Uinta uplifts form an 
are about the Colorado Plateau. Likewise, the Front Range, Medicine 
Bow, Sweetwater, and Wind River uplifts may be considered as a second 
arc or wave of folds. The latter group has a sigmoid pattern; the Wind 
River Uplift has been influenced more strongly by a direct east-northeast 


% E. Suess: Face of the earth [English transl.], vol. 4 (1909) p. 380-386. Cited by F. L. Ransome: 
Problems of North American geology (1915) New Haven. 
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thrust, and is bounded, on the southwest, by an overthrust that dips 
northeast.*” 

Among other factors that must have influenced the orientation of 
the Rocky Mountain folds are the Paleozoic and Mesozoic uplifts (“An- 
cestral Rockies”). Ver Wiebe’s maps ** emphasize the positive tectonic 
elements, Uinta and Uncompahgre, through most of Paleozoic time. 
Their position and west-northwest orientation is‘ strongly reflected in 
the Laramide folding. Thom *® has indicated the possibility of local 
uplifts of east-west trend in northern Wyoming and southern Montana 
before, and during, the Laramide orogeny. 

In some places in this area the direction of the folding in the pre- 
Cambrian may have affected the orientation of the Laramide folds, but 
many of the folds do not seem to have a definite relationship. The 
local pre-Cambrian “grain” diverges so far from the strike of many 
of the folds that, where the two are parallel, it is likely to be a coincidence. 

The structural relief of many of the folds was probably increased 
during the early Tertiary, by deposition of thick continental deposits 
in the basins. Much of the overthrusting in the Rockies took place after 
Fort Union time, so that the transfer of load from the anticlinal arches 
to the basins may have had an influence on the type of deformation 
resulting from later compression. As Flint and Chamberlin have 
pointed out, many of the uplifts, or groups of uplifts, have a distinct 
wedge-shaped character, with thrust planes dipping toward the median 
axes of the uplifts. From the foregoing, it is evident that, in many 
places, the borders of the Rockies are formed by thrust planes dipping 
under the mountain system; and many of the individual uplifts are 
similarly formed. Wedge-shaped blocks are a characteristic feature of 
the Rockies. 


Montana Basin-and-Dome sub-province—The Montana Basin-and- 
Dome sub-province lies east of the Rocky Mountain structural front 
in Montana and includes the Black Hills in South Dakota. The east 
side grades into the Central Stable Region east and north of the Black 
Hills. The structure of this sub-province is typified by large shallow 
basins, which are interrupted by dome and plateau-like uplifts. The 
Black Hills are included because of their structural relief and their 
relation to the Laramide orogeny. 


87 Eliot Blackwelder: Post-Cretaceous history of the mountains of central western Wyoming, Jour. 
Geol., vol. 23 (1915) p. 102. 

38W. A. Ver Wiebe: Present distribution and thickness of Paleozoic systems, Geol. Soc. Am., 
Bull., vol. 43 (1932) p. 495-540. 

39 W. T. Thom, Jr.: The relation of deep-seated faults to the surface structural features of central 
Montana, Am. Assoc. Petr. Geol., Bull., vol. 7 (1923) p. 6-7. 

“R. F. Flint: op. cit. 

« R. T. Chamberlin: The wedge theory of diastrophism, Jour. Geol., vol. 33 (1925) p. 756. 
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The major positive structural features are the Sweetgrass Arch (48, 
on Pl. 5), Little Belt Mountains (51, on Pl. 5), Big Snowy Mountains 
(52, on Pl. 5), Cat Creek—Devils Basin Horst (53, on Pl. 5), Porcupine 
Dome (54, on Pl. 5), Bowdoin Dome (47, on Pl. 5), and the Black 
Hills Uplift (35, on Pl. 5). 

The structure of the Sweetgrass Arch has been discussed by Michener.*? 
This arch apparently acted as a positive element that limited most of 
the Laramide deformation to the west of it. There is relatively little 
deformation east of the arch, which may be attributed to tangential 
forces. The Little Rocky Mountains and the Bowdoin Dome, which are 
east of the Sweetwater Arch, were probably both produced by magmatic 
intrusion. 

The structure of central Montana has been discussed by Thom.** He 
thinks that the Rocky Mountain thrust was dissipated by pre-existing 
east-west uplifts, and he shows that the structural features of central 
Montana are probably closely related to faults in the basement rocks. 
The structures are tilted blocks of the earth’s crust. Following Thom’s 
suggestion, many of the structural breaks in central Montana are shown 
on the map as faults displacing the pre-Cambrian surface. The most 
conspicuous structural feature in this area is an east-west major struc- 
ture including the Little Belt and Big Snowy Mountains, the Cat Creek— 
Devils Basin Horst, and the Porcupine Dome. South of this group of 
structures is the Big Coulee—Hailstone Dome and the Huntley Fault 
Zone. These latter structures constitute a northwestern extension of 
the Bighorn Mountains. 

The Black Hills Uplift lies east of the Powder River Basin (37, on 
Pl. 5) and is on the west end of a structural axis that connects with the 
Sioux Uplift (31, on Pl. 5). The Black Hills Uplift and the Hartville 
Uplift (38, on Pl. 5) are closely connected in origin, but are separated 
by a saddle. The Black Hills Uplift forms an irregular, elongate dome 
that trends west of north. The regular dip of the rocks is interrupted by 
igneous intrusions. The dip is a little steeper on the east side than on 
the west. 

Two fairly large anticlines are associated with the Black Hills Uplift; 
the Cedar Creek, or Glendive, Anticline (36, on Pl. 5) and the Chadron 
Anticline (44, on Pl. 5). These folds have an en echelon relationship 
to the trend of the Black Hills. The Cedar Creek Anticline has an 
extremely steep western limb, suggesting a deep-seated fault; therefore, 
the west side is mapped as a fault on the pre-Cambrian surface. The 
strike of the pre-Cambrian in the Black Hills is parallel to the trend 


#2C. E. Michener: A northward extension of the Sweetgrass Arch. Unpublished manuscript. 


48W. T. Thom, Jr.: op. cit., p. 1-13. 
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of the uplift. The pre-Cambrian rocks are chiefly schists, cut by various 
kinds of intrusives. Possibly this wide belt of relatively weak rock 
aided in localizing and orienting the uplift. The configuration of the 
uplift suggests that it was produced by vertical forces, but the steeper 
east side indicates that there may have been some contributory tangential 
thrust, as suggested by Thom.‘* The trend of the uplift is probably 
related to the pre-Cambrian folds, for they are parallel. The position 
of the Black Hills may have been caused by the arch-like uplift that 
apparently extends westward from the Sioux Uplift. 
CENTRAL STABLE REGION TECTONIC PROVINCE 


General description.—The Central Stable Region is the largest tectonic 
province covered in this study. It is the buried part of the Laurentian 
Shield in the United States. Viewed broadly, this region is the little- 
deformed continental nucleus as shown by the structure of the Paleozoic 
and later rocks. During the pre-Cambrian, this nuclear area was the 
site of geosynclines and mountain-building, but was welded into a rigid 
continental block before the Paleozoic. Since the beginning of the Paleo- 
zoic, the margins of this continental block have been differentiated into 
the Paleozoic and the Rocky Mountain geosynclines. The geosynclines 
have transgressed inward toward the present area, and the orogenic 
thrusts, affecting the geosynclines, have been directed toward the nuclear 
block. 

The thickness of sediments overlying the pre-Cambrian in this province 
is small compared to that of the geosynclinal areas. Numerous uncon- 
formities, hiatuses, and alternations of continental and marine deposits 
show that the marine submergences were oscillatory, and the character 
and thickness of the deposits indicate that, in many cases, the areas 
of deposition were far from any source of abundant clastic material. 
The frequent warpings, with consequent oscillation of sea level, caused 
many of the earlier sediments to be broken down to form later deposits. 

The structure of the buried pre-Cambrian surface in this province is, 
in general, relatively simple. Most of the deformation has been produced 
by regional warping and differential uplifts. Faulting has produced sig- 
nificant localized structural features, and probably has played a more 
important role than is generally recognized. Thus, the major structural 
features are large arches, domes, basins, and localized lines of faulting. 

Present knowledge of the structure and stratigraphy of the buried 
rocks in this region has been made possible only by the many wells that 
have been drilled for petroleum and water. Many unconformities and 
variations in the thickness of formations cause great difficulty in esti- 
mating the elevation of the pre-Cambrian surface in the deeper basins 


“ Op. cit., p. 6. 
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where these rocks have not been reached. Many details are still lacking, 
but it is thought that the picture here presented outlines the major 
structural features. 


Cincinnati Arch_—The Cincinnati Arch plunges southward from the 
Canadian Shield in Ontario to northeastern Mississippi. It is probably 
an extremely old structural feature. All the Paleozoic strata thicken 
from the arch toward the Appalachian Geosyncline and most of the late 
Paleozoic formations thicken into the basins to the west. Since the 
Ordovician, the arch has been a passive element. The top of the arch 
is about on a level with the average height of the province, and, therefore, 
its relief has been produced principally by subsidence of the adjoining 
basins. 

Adirondacks—The Adirondacks (1, on Pl. 2) are an outlier of the 
Canadian Shield and are here considered to be a part of the Central 
Stable Region, because they are nearly surrounded by Paleozoic rocks, 
and because they are intimately related to the Appalachian Geosyncline. 
Pre-Cambrian metamorphic and igneous rocks are exposed in a nearly 
circular area that defines the center of the uplift. 

The Adirondacks have been a positive element since the beginning of 
the Paleozoic. Miller *® shows that the Adirondacks were never com- 
pletely submerged during the Paleozoic, but that, during Trenton time, 
only a small area was above water. He also shows that the land areas 
varied considerably in outline, but that the main area of subsidence 
ran in a northeast-southwest direction through the southern Adirondacks. 
The present northeast-southwest topographic axis of the uplift is an old 
feature. 


Michigan Basin—The Michigan Basin (18, on Pl. 2) is nearly circular 
in outline. It is bounded on the south and west by the Kankakee and 
Wisconsin—La Salle arches. The following summary was postulated by 
Pirtle,*® and some of the contours on the map (Pl. 2) were projected 
from his map. All the Paleozoic formations apparently thicken into the 
basin, so it is an extremely old feature and may have been initiated in 
the pre-Cambrian. The major folds in the basin, as shown in the upper 
Paleozoic, trend northwest-southeast; minor folds are perpendicular to 
this direction. The reversal in the major folds ranges from 200 to 1,000 
feet. 

Pirtle suggests that, during subsidence of the basin, the folding was 
initiated and guided by lines of weakness in the pre-Cambrian and that 


«# W. J. Miller: Early Paleozoic physiography of the southern Adirondacks, N. Y. State Mus., 


Bull. 164 (1913) p. 80-93. 
#G. W. Pirtle: Michigan structural basin and its relationship to surrounding areas, Am. Assoc. 


Petr. Geol., Bull., vol. 16 (1982) p. 145-152. 
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the magnitude of the folding was increased by regional diastrophism, 
which was most intense after Middle Mississippian. Greater subsidence 
of the pre-Cambrian surface to the south than to the north has opened 
the basin southward. Thus, on the pre-Cambrian surface, the basin is 
slightly elongated in a northeast-southwest direction; on the middle or 
upper Paleozoic horizon, the axis of the basin is perpendicular to this. 


Wisconsin Arch and La Salle Anticline-——The broad Wisconsin Arch 
trends east of south in southern Wisconsin and northern Illinois, and 
plunges southward. In northern Illinois, it divides to form La Salle 
Anticline (20, on Pl. 2) and the Kankakee Arch (19, on P!. 2). The 
structure of the buried pre-Cambrian surface in Wisconsin has been dis- 
cussed by Thwaites.*? 

La Salle Anticline is a sharp flexure with a steep west dip. Its con- 
figuration, straightness, and great length suggest that it overlies a fault 
in the pre-Cambrian, so it is shown as such on the map. Cady ** de- 
scribed this anticline in great detail. He showed that the most intense 
deformation took place immediately before, and after, the deposition of 
the Chester, and suggested that the deformation is related to the subsid- 
ence of the Illinois-—Kentucky Basin and that it may follow a line of 
weakness in the deeply buried rocks. 


Illinois-Kentucky Basin——The Illinois-—Kentucky Basin is in central 
and southeastern Illinois, northwestern Kentucky, and southwestern Indi- 
ana, and is sometimes called the Eastern Interior Coal Basin. The Rough 
Creek Fault Zone, to which reference has been made, cuts across the 
deepest part of the basin in southeastern Illinois and the adjoining part 
of Kentucky. 

The Devonian, Mississippian, and Pennsylvanian formations are 
known to thicken toward the center of the basin, and some of the older 
formations may do the same. The south end of the basin is closed by 
an uplift (Cumberland River Arch) which brings the Mississippian to 
the surface. This uplift occurred in post-Pennsylvanian time, but earlier 
uplifts might have also occurred along this axis. Most of the faulting 
took place in post-Pennsylvanian, but others occurred earlier, as they are 
overlain by undisturbed Pennsylvanian.*® 

Ozark Uplift —The Ozark Uplift (23, on Pl. 2) forms a huge, irregular 


dome in southern Missouri and the adjoining parts of Arkansas, Okla- 
homa, and Kansas. The structural nucleus of the uplift is eccentric, being 


47F. T. Thwaites: Buried pre-Cambrian of Wisconsin, Geol. Soc. Am., Bull., vol. 42 (1931) 
p. 719-750. 

4G. H. Cady: The structure of the La Salle anticline, Il. Geol. Surv., Bull. 36 (1920) p. 85-179. 

RR. F. Flint: Thrust faults in southeastern Missouri, Am. Jour. Sci., 5th ser., vol. 12 (1926) 
p. 37-40. 
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marked by the St. Francois Mountains in southeastern Missouri. Pre- 
Cambrian rocks are exposed in these mountains and have been encoun- 
tered by the drill in many places on the uplift.°° The pre-Cambrian 
surface in the central Ozarks had a topographic relief of about 1,500 
feet, which was buried by Cambrian and Ordovician strata. For this 
reason, the contours on the map are generalized. 

The Ozark Uplift is bounded on the west by the Forest City Basin (28, 
on Pl. 2) and on the north by a structural saddle in northern Missouri. 
The uplift extends southwest and connects with the Seminole Arch in 
Oklahoma. The west slope of this uplift is usually referred to as the 
Prairie Plains Monocline. The pre-Cambrian surface on this monocline 
is broken by gentle folds that plunge northwest. 

There are several zones of faulting associated with the Ozark Uplift. 
The Fayettville—Batesville and Seneca faults are on the south and south- 
west sides of the uplift. A group of faults on the northeast side of the 
uplift is here referred to as the Ste. Genevieve Fault Zone (25, on Pl. 2). 
This zone of faults connects with the Rough Creek Fault Zone. 

The Lincoln Anticline (27, on Pl. 2) and the Cap-au-Gres Fault (26, 
on Pl. 2) may be considered a part of the Ozark Uplift, although they 
are well down on the north flank. The Lincoln Anticline trends north- 
west and probably follows a pre-Cambrian “high,” for pre-Cambrian 
rocks have been reached by the drill on the northern part of the anticline. 
The deformation is chiefly post-Pennsylvanian. The Cap-au-Gres Fault 
is downthrown southward. 

The Ozark Uplift is an old structural feature. Most of the strata 
present on the uplift thicken away from it, and several formations are 
found along the flanks but not on the uplift. The formations are sepa- 
rated by many unconformities. The Ozarks have been above sea level 
since the close of the Carboniferous, the east side having been uplifted 
at that time. This uplift caused the regional dip to the west, and the 
formation of the steep east dip and the high-angle faults along the east 
side. The westward tilting probably occurred during the Permian, as 
there is no angular unconformity between the Pennsylvanian and the 
Permian in central Kansas. 

Llano Uplift—The Llano Uplift (161, on Pl. 4), in central Texas, is 
bounded by the Ouachita Geosyncline on the east and south sides. The 
northward-plunging Bend Flexure (162, on Pl. 4) forms the north side 
of the uplift, and the westward-plunging Concho Divide (170, on Pl. 4) 


8M. E. Wilson: Occurrence of oil and gas in Missouri, Mo. Bur. Geol. and Mines, 2nd ser., 
vol. 16 (1922) p. 276. 

H. 8S. McQueen: Insoluble residues as a guide in stratigraphic studies, Mo. Bur. Geol. and 

Mines, 56th Bien. Rept. (1931) App. I. 
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forms the west side. Pre-Cambrian rocks are exposed in the center of 
the uplift and have been encountered by the drill on the flanks. 

The Llano Uplift is an ancient positive tectonic element. The Cam- 
brian and Ordovician formations are thinner here than they are in the 
Wichita Geosyncline. According to Powers,*' the area was deformed 
after the Silurian, uplifted after the deposition of the Bend series, and 
further deformed during the Pennsylvanian. Levorsen ** has pointed 
out that the Bend Flexure was produced by westward tilting of the west 
side of the Ouachita Geosyncline foreland. 


West Texas Permian Basin.—The large West Texas Permian Basin 
(163, on Pl. 4) is bounded on the east by the Llano Uplift, on the south 
by the Marathon Uplift (167, on Pl. 4), and on the southwest by the 
Carrizo Mountains (172, on Pl. 4). The Amarillo Mountains (164, on 
Pl. 4) and the Electra Arch (155, on Pl. 4) mark the north side of the 
basin. The basin includes the southeastern part of New Mexico, merging 
into the Rocky Mountain province to the west. Little is known about 
the pre-Cambrian rocks in the Permian Basin, for they are deeply buried 
and have been reached by only one well in the basin. This was a well 
on the Fort Stockton—Yates Anticline (165, on Pl. 4) which encountered 
rock that is probably pre-Cambrian biotite schist.®* 

Many of the wells drilled in this basin have not gone through the 
Permian strata, but a few have been drilled into the older Paleozoics. 
Wells drilled in the Big Lake oil field encounter Pennsylvanian and some 
Silurian beneath the Permian; production is obtained from Ordovician 
beds at a depth of about 8600 feet.® 

The contours in the Permian Basin are generalized and speculative, 
for there are many unconformities in the Paleozoic section and the center 
of the basin is far from pre-Cambrian outcrops. The minor structural 
features shown on the map (Pl. 4) were projected from a regional map 
by Lahee.®*> Much of the subsidence of the Permian Basin took place 
during the Permian. The thickness of the Permian may reach a maxi- 
mum of 9,000 feet in the southwest part of the basin. King °* has sum- 
marized the structural history of the southern end of the basin. He 
declared that the Marathon folding and overthrusting took place at the 
close of the Pennsylvanian and that uplift and erosion occurred before 


51 Sidney Powers: Age of folding in the Oklahoma Mountains, Geol. Soc. Am., Bull., vol. 39 
(1928) p. 1064. 

52 A. I. Levorsen: Convergence studies in the Mid-Continent region, Am. Assoc. Petr. Geol., Bull., 
vol. 2 (1927) p. 679-682. 

583P. B. King: Geology of the Glass Mountains, Teras, Part I, Univ. Tex., Bull. 3038 (1930) p. 117. 

%&E. H. Sellards, H. P. Bybee, and H. A. Hemphill: Producing horizons in the Big Lake oil 
field, Reagan County, Texas, Univ. Tex., Bull. 3001 (1930) p. 149-163. 


SF. H. Lahee: Contributions of petroleum geology to pure geology in thern mid-Conti 
area, Geol. Soc. Am., Bull., vol. 43 (1932) p. 953-964. 
% P. B. King: op. cit., p. 126. 
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the beginning of Permian deposition. The area was gently folded and 
peneplaned between the end of the Permian and the beginning of the 
Comanchean. The Laramide orogeny produced the mountains of trans- 
Pecos Texas. In the vicinity of the Glass Mountains, the Laramide 
folding followed older lines of folding. 

Such features as the Fort Stockton—-Yates Anticline probably began 
their structural history early in the Paleozoic, and later periods of dias- 
trophism rejuvenated the earlier uplifts. 


Anadarko Basin—The Anadarko Basin (152, on Pl. 4) is bounded on 
the south by the steep north flank of the Wichita and the Amarillo moun- 
tain uplifts; the Ardmore Basin is a southeast continuation. The west 
end of the basin rises abruptly near the east line of New Mexico, to the 
flat pre-Cambrian structural plateau of northeastern New Mexico and 
southeastern Colorado. The north side rises gently toward the Central 
Kansas Uplift (40, on Pl. 5). The east side of the basin is marked by 
the Nemaha Mountains Uplift. 

The Anadarko Basin was originally a part of the Wichita Geosyncline. 
It developed as a foreland basin during the Wichita orogeny. During 
Permian time, the basin subsided and received several thousand feet 
of sediments. This subsidence was coincident with the westward-tilting 
of the region east of this area. 

From the structure of the surface rocks, it is known that some tectonic 
movements took place after Permian, and before Comanchean, time. 
In Kiowa and Barber counties, Kansas, the Comanchean is separated 
from the Permian by an angular unconformity. Nearer the center of 
the basin, the two systems are structurally conformable. An uplift of 
the area of the Arbuckle-Wichita—Amarillo mountains occurred in post- 
Cretaceous time. 

From the structural history of this general region, it seems probable 
that the minor structural features of the basin were produced by rejuve- 
nation of earlier folds. The pre-Cambrian history is probably similar 
to that of the Nemaha Mountains and Central Kansas Uplift. 


Nemaha Mountains Uplift—The Nemaha Mountains Uplift (42, on 
Pl. 4) is one of the most prominent subsurface structures in this province. 
It plunges gently southward from southeastern Nebraska, across Kansas, 
to central Oklahoma. The east side of the uplift is marked by a zone 
of faulting, as has been determined by drilling in the “granite ridge” oil 
fields in Kansas and Oklahoma. The surface of the pre-Cambrian dips 
gently westward from the axis of the Nemahas to the Salina Basin (41, 
on Pl. 5) and the Anadarko Basin. The Forest City Basin (28, on Pl. 5) 
lies east of the Nemahas, in northeastern Kansas and adjacent parts of 
Nebraska, Iowa, and Missouri. 
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The southward extension of the Nemaha Mountains into central Okla- 
homa, as shown on the map (PI. 4) is indicated by the subsurface fault 
on the east side of the Oklahoma City oil field. McGee and Clawson °7 
declare that, although this structure is east of the general trend of the 
Nemahas, and the strike of the fault is northwest, the structural character 
of the uplift is similar to that of the “granite ridge” fields to the north. 

Pre-Cambrian rocks have been reached by drilling in many places 
along the Nemahas. The uplift along the axis was not the same in all 
places, so there are local “highs” along the ridge. Some of these “uplifts” 
in northern Kansas are hills of pre-Cambrian rocks that were buried by 
the Pennsylvanian sediments. Other uplifts, farther south, were hills 
of early Paleozoic rocks, but they generally contain an uplifted core of 
pre-Cambrian—the hills have a genetic relationship to structural uplift. 

The Nemaha Mountains Uplift in northern Kansas may have been a 
positive element at least as early as pre-Arbuckle time. The chief move- 
ment effecting the uplift of the Nemahas occurred in late Mississippian 
or early Pennsylvanian, at the beginning of the Wichita orogeny. The 
subsurface faults along the east side of the uplift were produced at that 
time. It seems to be fairly well established that the structural relief 
of the Nemahas has been caused chiefly by actual uplift along the axis.** 
Slight movements occurred during the Pennsylvanian, which were prob- 
ably produced by differential warping resulting from subsidence. These 
movements probably can be correlated with more intense movements 
in the Ouachita and the Arbuckle mountains. The recurrent movements 
affecting this general area during the Pennsylvanian produced local 
uplift of many of the structures, causing thinning of the strata on the 
anticlines and domes. 

Post-Permian movements along the Nemaha Mountains Uplift are 
shown by gentle folding and a few faults. The folds rarely have more 
than 100 feet of closure, and the frults are of relatively small displace- 
ment. Condra describes faulting of the Permian in southern Nebraska, 
where the downthrow is more than 100 feet to the east. The writer has 
traced this faulting a short distance into Kansas. In this part of the 
Nemahas, the sediments now covering the pre-Cambrian are only 500 
to 700 feet thick on the crest of the uplift. 

The Thurman-Wilson Fault (29, on Pl. 2), in southwestern Iowa, was 


8D, A. McGee and W. W. Clawson, Jr.: Geology and development of the Oklahoma City field, 
Oklahoma County, Oklahoma, Am. Assoc. Petr. Geol., Bull., vol. 16 (1932) p. 976. 

8 C, R. Thomas: Flank production of the Nemaha Mountains (Granite Ridge), Kansas, Structure 
of typical American oil fields, vol. I (1929) p. 68. 

8G. E. Condra: The stratigraphy of the Pennsylvanian system in Nebraska, Nebr. Geol. Surv., 
Bull. 1, 2nd ser. (1927) p. 15. 
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probably produced at the same time as the faults in southern Nebraska. 
This fault is downthrown to the southeast about 300 feet.® 


Central Kansas Uplift—The Central Kansas Arch (40, on Pl. 5) now 
extends from central western Kansas northwestward toward the Black 
Hills. This arch includes the Cambridge Anticline (122, on Pl. 5) and 
the Chadron Anticline (44, on Pl. 5) in southern and northern Nebraska. 
The Salina Basin (41, on Pl. 5) lies east of the arch, and the Julesberg 
Basin (39, on Pl. 5) lies west of it. 

Pre-Cambrian rocks have been encountered in many wells on the arch 
in Kansas and in a few in Nebraska.** The connection of the pre- 
Cambrian arch between the southern and the northern parts of Nebraska 
is somewhat speculative, for no deep wells have been drilled in the 
intervening area. 

The Central Kansas Uplift connected with the Chautauqua Arch (43, 
on Pl. 5) before the Nemahas were uplifted.** The recorded structural 
history of the Central Kansas Uplift begins in pre-Cambrian or Cam- 
brian time. The upper part of the Arbuckle limestone covers most of 
the arch. Warping, uplift, and erosion occurred in post-Arbuckle—pre- 
Simpson time. The major uplift of the arch occurred after Devonian 
deposition and before Mississippian time. Thus, the arch was uplifted 
as a prominent structural feature before the Nemahas were. Later fold- 
ing, near the close of Mississippian time, raised the Nemahas and caused 
uplift and warping of the Central Kansas Uplift. Before the middle and 
late Pennsylvanian strata were deposited over this area, erosion had 
removed all the beds above the pre-Cambrian in many places. Later 
movements, during the Pennsylvanian and Permian, were similar to those 
that affected the Nemahas. 

Post-Cretaceous uplift and warping produced gentle folds and gave the 
Cretaceous a gentle northward regional dip in Kansas and southern 
Nebraska. A reflection of the Central Kansas Uplift was produced in 
the Cretaceous formations, in northern Kansas and Nebraska, which is 
shown by a broad arch extending from northwestern Kansas to the Black 
Hills. This arch has been mapped by Darton.* 

The Salina Basin (41, on Pl. 5) has been described by Barwick.** It 
lies between the Central Kansas Uplift and the Nemaha Mountains 


© J. H. Lees: The section across Iowa, Fifth Annual Field Conference, Guide Book, Kansas Geol. 


Soc. (1931) p. 71. 
6G. E. Condra et al.: Deep wells of Nebraska, Nebr. Geol. Surv., Bull. 4, 2nd ser. (1931) 288 


pages. 

62 J. S. Barwick: The Salina Basin of north-central Kansas (with discussion by R. C. Moore, 
R. H. Hall, C. R. Thomas, J. L. Rich, and Anthony Folger), Am. Assoc. Petr. Geol., Bull., vol. 12 
(1928) p. 177-199. 

6 N. H. Darton: The structure of parts of the central Great Plains, U. S. Geol. Surv., Bull. 691 
(1918) p. 1-26. 
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Uplift. It is a pre-Pennsylvanian basin, extending northwestward, 
parallel to the Central Kansas Uplift, for an undetermined distance. 


Williston Basin——The Williston Basin (33, on Pl. 5) centers in western 
North Dakota. The name seems to have been originally applied to a 
relatively small basin in the vicinity of Williston, North Dakota. As 
this is, apparently, the center of a large subsurface basin, Williston Basin 
is used here to apply to the whole area. It includes the northward- 
plunging Lemmon Syncline, northeast of the Black Hills, and the west- 
ward-plunging syncline in central North Dakota, which is here termed 
the Carrington Syncline (32, on Pl. 5). The Williston Basin is partly 
separated from the large basin in east-central Montana by the Cedar 
Creek Anticline (36, on Pl. 5). The northeast side of the basin rises 
gently northward. The Nesson Anticline (34, on Pl. 5) occurs on this 
northeast slope of the basin.® 

The general shape of the basin is shown by the structure of the Cre- 
taceous.** However, the subsurface Carrington Syncline is not prominent 
on the surface. A well drilled at Glenfield penetrated 1,000 feet of Paleo- 
zoic rocks beneath the Cretaceous. According to Leonard,* 900 feet of 
this section was Ordovician limestone and shale. The limits of this 
subsurface depression are not known. 


Sioux Arch.—The Sioux Arch is a low, broad arch, projecting south- 
ward from the Canadian Shield, between the Minnesota and the Williston 
basins. A narrow southern extension of this arch may connect with the 
Nemaha Mountains Uplift. The localized Sioux Uplift (31, on Pl. 5) 
forms an inlier of pre-Cambrian quartzite in southeastern South Dakota 
and adjoining parts of Minnesota and Iowa. A saddle probably sepa- 
rates this arch from the Black Hills. 

The Sioux Arch, as here outlined, forms the major part of the old 
landmass called Siouxia. This old landmass has been a relatively passive 
area since early Paleozoic. It has probably never been raised to a high 
elevation, and it may have been covered, at times, by thin early Paleozoic 
formations. Much of the pre-Cambrian of this arch is overlain by 
Cretaceous. The occurrence of Ordovician limestone on both sides of 
the uplift may mean that these deposits were at one time continuous 
over the arch. 

SUMMARY 

The configuration of the buried pre-Cambrian surface shows that the 

area east of the Basin Range Province in the United States is divisible 


6A. J. Collier: The Nesson anticline, Williams County, North Dakota, U. S. Geol. Surv., Bull. 
691-G (1918) p. 211-217. 

WwW. T. Thom, Jr.: The relation of deep-seated faults to the surface structural features of 
central Montana, Am. Assoc. Petr. Geol., Bull., vol. 7 (1923) p. 3, fig. 1. 

@ A. G. Leonard: personal communication. 
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into four major tectonic provinces—each of which is structurally distinct. 
These provinces have developed since pre-Cambrian time, through differ- 
entiation of a nuclear continental mass that was apparently a single 
unit. During the Paleozoic, a geosyncline encroached on the east and 
southeast sides of the continental block. This geosyncline was deformed 
at the close of the Paleozoic by a tangential thrust, directed toward the 
continental block. Another geosyncline, along the west side of the con- 
tinent, received sediments, from pre-Cambrian to the close of the Meso- 
zoic, and was deformed by an orogeny that commenced in the Jurassic, 
in the west, and gradually moved eastward toward the continental block, 
culminating in early Tertiary in the Rocky Mountains. 

The large, relatively undeformed Central Stable Region has been de- 
formed by differential warping, which produced large arches, domes, and 
basins. The structural history of most of the elements of this province 
can be traced back to the early Paleozoic or pre-Cambrian. Later move- 
ments, correlated with more intense geosynclinal deformations, have 
caused gentle folding of the Central Stable Region tectonic elements, 
rejuvenating structures formed earlier. The structural relief of the 
Central Stable Region has been developed chiefly by subsidence of the 
negative elements. 

It is evident that many of the present major surface structures have 
been largely influenced and guided by earlier lines of deformation in the 
pre-Cambrian basement. 
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